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alles wat er te zien en te beleven is in de natuur, Gods eigen speeltuin.

Koos Groen

vi



Samenvatting

De effecten van transgressies en regressies op grondwater in kustvlakten
en onder de zeebodem

Inleiding

Dit procfschrifi gaat in op de vraag hoe mariene transgressies en regressies prondwater
in_kusipebieden beinvloeden wal betrefl stromingssysiemen en processen als verzilting en
verzoeling. Deze vraag komt voort uit het feit dat zoutgehalten van grondwater in kusigebie-
den vazk een - op het eerste gezicht - onlogisch patroon vertonen: ver in binnenlund kan
men sams brak grondwater vinden, lerwiji onder de zeebodem zoel grondwater wordt aange-
troffen. De wezenlijke oorzaak ligt in de grote peologische dynamiek van het kustmilieu.
Het grondwutersysieem moet zich steeds aanpassen aan soms abrupte gebeurienissen als
transgressic, regressie, sedimentalie en erosie. De hiermee gepaard gaande verziiting dan
wel verzocting van de sedimenten voltrekt zich triag en is vaak nog niet vollooid. wanneer
het stromingssysteem in het kustgebied alweer verandert.

In dit proefschrifi is getrachi een beter begrip te krijgen van deze processen door
middel van een case sludie van de Surinaamse kustvlakie (Part 1) en observaties uil andere
delen van de wereld en algemene modelexperimenten (Part 11). De case studie wordt

beschreven in de drie volgende paragrafen van deze samenvatting: de algemene studies in de
- voorlaatste paragraafl.

- Het kusi- en offshare gebied von Suriname

De kustvlakie bij Paramuribo vormt een laaggelegen en, van nature. moerafg/gcbicd.
waar Kwartaire mariene afzetiingen, grotendeels bestaande uit kleilagen (5 tot 35 m dikte).
wan het opperviak liggen (Figuur 3.1 en 3.5). Ten zuiden daarvan dagzomen Pliocene zanden
in de hoger gelegen savannegordel. De Tentiaire afzetringen bestaan voornamelijk uit onge-
cunsofideerde zand- en kieilagen en hebben een totale dikie van enkele meters in de savan-
nagordel tot 300 m in het noordelijke Holocene dee! van de kustvlakie. De Tertiaire afzeuin-
gen. waarin zich de belangrijksie aquifers bevinden, rusten op kristallijne gesteentes (in
savannegordel en Pleistocene kustvlakte) of ap Krijtafzeltingen (in Holocene kustvlzkte).

Het zoutgehalte van het grondwater in de Tertiaive aquifers. in mg/l chloride, varieert
van 6 tot 2000 mg/l. Hogere gehalten worden aangetroffen in de slecht doorlatende
Krijlafzettingen en in de Kwanaire kleilagen van de Holocene kusivlakte (Figuur 3.5). Op
een aantal pompstations wordt zoet grondwater (< 250 mg/l chloride} gewonnen uit de
Tertiaire aguifers op diepten van 13 tot 180 m. Voor d€ aanvang van de grootschalige prond-

" waterwinning {1958 AD ). was het grondwater in de kusivlakte min of meer stagnant. De
aquifers werden en worden nauwelijks aangevuld, mede vanwege de zeer hoge hydraulische
weerstand van het Kwartaire kleipakket. Een vitzondering vorm?t een hoger gelegen gebied
rond het dorp Letydorp. Grondwater kan wel infilreren in de Pliocene zanden van de savan-
nagordel. maar wordt geheel gedraineerd door de lokale kreken.

Uit olieboringen blijkt dat grondwater in het offshore gebied relatief zoet is (Figuur
3.5: o1 90 kam afstand van de ki ior3 o grondwater et een eFlordepehalt Tage dan
2000 mg/l aangeirotien {zeewater heeft een chiorideconcentratie van ¢& 20000 mg/l). Dit

gy
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matig brakke grondwaiter is duidelijk van meteorische oorsprong en moet zijn gevormnd door
een ander stromingssysteem dan de huidige en wordt daarom aangeduid als paleogrondwa-

L=
———

Verzoeting van sedimenten in het kusi- en affshore gebied vair Suriname tjdens de Weichse!
regressie

HC-leeftijden duiden erop dat het grondwater in de kustvlekte is gevormd tijdens het
Laaiste Glaciale Maximum of LGM (25 1ot 12 ka BP) en Vroege Holoceen (12 101 8 ka
BP). In die periode en mogelijk daarvoor (De Weichsel regressie duurde van 115 1ot 12 ka
BP) moet er danzienlijke grondwateraanvulling hebben plaatsgevonden teneinde de enorme
hoeveelheid paleogrondwater in het kusi- en offshore gebied te kunnen verklaren. Toch was
de neerslag gedurende het LGM ongeveer 50 % van huidige neerslag, die 2200 mm/jaar
bedraagt. Uil de signatuur van de stabiele walerisotopen (80 en &H) in het Pleisiocene
grondwater blijkt dat de neerslag waarschijnlijk beperkt was tot het seizoen van april tot en
met juli. In dit koelere en drogere klimaat bedekien vitgestrekte grassavannes de kustvlakie.
Dit laatste kon worden afgeleid uit de stabiele koolstof isolopen in het grondwater (813C),
De relatief hoge 8'*C waarden wijzen erop, dat dit grondwaler is geinfiltreerd onder een
begroeiing met voornamelijk planten, die een C4-folosynthese volgen, welke typisch is voor
tropische grassen.

Gedurende het LGM stond de zeespiegel 100 1ot 130 m lager dan nu en lag de kustlijn ‘
140 km noordwaarts van de huidige ligging. Na 12 ka BP begon de zeespiegel te stijgen en
bereikie rond 6 ka BP het huidige niveau. De kustlijn lag 10en ongeveer 20 km landinwaarts
van de huidige positie. Gedurende het Laat Holoceen begon de kustviakte zich weer uit te
breiden door de voortdurende afzetting van sediment, aangevoerd uil de Amazone. Boringen
in de kustvlakte toonden aan, dat de rivieren en kreken diep waren ingesneden {10 tot 30 m)
gedurende het LGM en Vroege Holoceen.

Grondwaterstijghoogten in de Tertiaire aquifers moeten veel lager zijn geweest dan de
huidige vanwege de diep ingesneden dalen en de lagere zeespiegel. Daarentegen mag wor-
den aangenomen dat de freatische grondwatersianden op de slecht gedraineerde kleiplateaus
dicht aan maaiveld bleven. Hieruit werd afgeleid, dat door het prote stijghoopteverschil er
aanzienlijke grondwateraanvulling van de aquifers kon optreden in deze periode (Figuur
4.3). Een numeriek grondwatermodel, dat deze situatie simuleerde. 1oonde inderdaad aan dat
er overal op de kleiplateaus van de kustvlakie grondwateraanvulling van enkele tientallen
millimeters per jaar bestond. Uit berekende verblijftijden van bet grondwater kan verder
worden afgeleid dat de periode, waarin het systeem actief was, lang genoeg duurde om al
het brakke en zoute grondwater van voorlaatsie transgresie (Eemien) uit te spoelen. ook in
het gebied dat nu ver offshore is gelegen (90 km uit de kust). Dat laatste blezk niet mogelijk
te zijn in modelsimulaties van een viakke kustviakte zonder een erosierelief,

Het bestaan van stroming en grondwateraanvulling in de kustvlakte werd bevestigd
door hydropeochemische modellering van sioftransport en cationuitwisseling in de
Pleistocene kleilaag. Modelsimulaties licten zien, dat alleen bij neerwaartse stroming gedu-
rende de Weichsel regressie, de uitwisselbare Na+-ionen van de voormalige zoute klei kon
worden gespoeld en de waargenomen dominantie van uitwisselbare Mg2+- en Ca2+-ionen
kon ontstaan. In simulaties met aileen diffusief stoftransport - het momenteel heersende pro-
ces in de Kwartaire klei - werd dit niet bereikt.
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Verzilting van sedimenten in het kust- en offshore gebied van Suriname tijdens de Holocene
fronsgressie

Gedurende en na de Holocene transgressic. toen ook hel erosierelief grotendeels is ver-
dwenen door sedimentatie, zijn de stromingssystemen in het kust- en offshore gebied tot stil-
stand gekomen. Tijdens de snelle transgressie kwam relatief zout en zwaar grondwater op
he: stagnante meteorische grondwater te liggen. Dit vormt een potentieel instabiele situatie,
die kun leiden tol convectieve dichtheidsstromen (fingering) en snelle verzilting van de
vnderliggende sedimenten, zoals in het Nederfundse kustgebied is gebeurd. In de dikke,
slecht doorlatende Kwartaire kleilagen van Suriname gebeurde dit niet (geen overschrijding
van hel krilische Rayleigh getal) en verliep de verzilling veel rager volaens diffusief stof-
Lrunsport.

Neerwaartse diffusieve verzilting is ook sungetoond met behulp van waurgenomen pro-
fielen van chlorideconcentraties en chloorisolopenverhoudingen (3¥Cl). Deze profielen zijn
vergeleken met de resultaten van een diffusie-sedimentatie model, Hieruit kon worden
gecancludeerd dat de zouten in de bovenste 125 m van de formaties het gevolg zijn van ne-
rwaunse diffusie it de mariene Holocene sedimenten. Dit impliceerde dat de opgeloste zou-
wen op groterc diepten afkomstig zijn vit een andere bron. Vermoedelijk bestaat deze bron uit
de Krijtafzettingen op een diepte van ca 300 m, waaruit zout duor opwaartse diffusie en late-
rale dispersie in de Tertjuire formaties zijn gedrongen.

Aanvullend bewijs voor de verschillende oorsprong van de zouten is pevonden in de
cationconcentraties van het grondwater in de Tertiaire aquifers. Grondwater in de bovenste
uyuilers. ondieper dan 125 m, heefl een overschot aan Mg?*- en Ca*-ionen (1en opzichte
viin conservatieve menging). Dit overschot is in balans met een Niu*-tekort en duidt op ver-
silling. gepaard gaande met cation uitwisseling. Een chromatografisch patroon in de catio-
nensamenstelling, zoals elders vaak is waargenomen bij verzilting, ontbreekt hier. Het
patrooit Kon redelijk goed worden gereproduceerd in hydrogeochemische modelsimulaties
van een-dimenstonanl diffusief stoftransport en cationuitwisseling. De simulaties lieten ver-
der zien dat de catioruitwisseling voornamelijk in de Kwartaire klei plaatsvindt.

Het zoete en brakke grondwater op diepten groter dan 125 m heefi een geheel andere
chemische compositie en wijst op een andere herkomst.

Algemene studies

Het voorkomen van onderzees meteorisch grondwater ver uit de kust in Suriname is
niet uniek. Een inventarisatie van waamemingen en studies elders {Verenigde Staten,
Indonesié. China, Nigeria. Nederland) {aat zien dat het verschijnsel eerder regel is dan uit-
zondering. Men kan onderscheid maken tussen twee typen offshore meteorisch water: (i)
water dat deel uitmaakt van een actief stromingsysteem, waarbij grondwater aan land wordt
sungevuld en vitstroomt op de zeebodem als diffuse kwel of in de vorm van onderzeese bron

en (il) paleogrondwater. dat niet langer wordt zangevuld en dus langzazm verdwijnt, zoals
voor de kust van Sunname.

Simulaties met een simpel analytisch grondwatermodel (semi-confined aquifer met een
scherp zoet/zout grensvlak) tonen 2an dat actieve stromingssystemen, tot maximaal 50 km
offshore kunnen reiken. Een hierop gebaseerd “approximate™ analytisch model laat zien dat
alleen het kustnabije gedeelte van dit stromingssysieem (tot maximaal 5 km uit de kust) zoet
grondwater bevat. De lengte van de zoetwatertong wordt bepaald door de afstand uit de

kust, waar de opwaartse onderzeese uitstroming zo laag is. dat zout water door neerwaarse
diffusie toch de aquifer bereikt en daar convectieve dichtheidsstroming veroorzaakt.

Tenslotte zijn in deze studie een groot aantal simulaties vitgevoerd met numerieke
erondwatermodellen voor variabele dichtheid met het doe] grondwaterverzilting in zijn alge-
meenheid te bestuderen tijdens een mariene transgressie. Transgressies zijn onderzocht in
een model bestaande uit een aquifer onder een kleilaag met een hellend opperviak. Dit
mode! kan vergeleken worden met een kustvlzkte of conlinentaal plat met een flauwe regio-
nale helling. De simulaties lieten zien dat de transgressies in het algemeen zo snel verlopen,
dal het zoevzout front de landwaarts schuivende kustlijn niet kan “volgen™. Verzilling na
transgressie vindt voornamelijk plaats door neerwaans transport via diffusie en convectieve
dichtheidsstroming. Meestal treden deze wwee processen legelijkertijd op: diffusie in de klei
en convectieve dichtheidsstroming in de aguifer, De dikte van de atdekkende kleilaag blijkt
van groot belang te zijn voor de integrale verziltingssnelheid.

Gesuperponeerd op de regionual hellende kusivlakie van het LGM kenden veel gebie-
den zoals Suriname en Nederiand een erosielandsschap. Daarom zijn ook transgressiesimu-
laties uitgevoerd met een model van zo'n erosielandschap, bestaande uit een aquifer onder
een kleilaag waarin een rivier is ingesneden. Uil de simulaties bleek dw het meteorische
slromingssysteem zich nog lang hundhaaft na inundatie van het dal. De opwaartse kwel in
het dal, of beler estuarfum. verhindert de verzilting. Pas na volledige inundatie drauit de
stroming om en dringt zout water naar binren onder het dal en wordt het zoete grondwater
uitgedreven deor opwuartse stroming niar de zeebodem via de kleiluag. Hel meteorische
grondwater blijki zich lang te kunnen handhaven tussen de rivierdalen.

Storopmerkingen

Het prootste gedeelie van de wereldbevolking woont langs de kust. vaak in megacities,
In veel van deze gebieden vormt de walervoorziening een probleem. dat alleen nog maar zal
toenemen in de toekomst. Er is te weinig grondwater of er vindt al overexploitatie plaats en
somts is het grondwaler niel meer bruikbuar vanwege verontreinigingen. De voorruden matig
brak meteorisch grondwater in offshore- en kusigebieden kunnen mogelijk alternatieve bron-
nen vormen in combinatie mel nieuwe en goedkopere oniziliingstechnieken. In het geval van
paleogrondwater is er weliswaar sprake van eindige hoeveelheden. maar die zijn van een
zodanig grote omvang. dal winning nauwelijks als niet-duurzaam kan worden bestempeld.
Bovendien zouden deze voorraden toch langzaam verdwijnen door diffusieve verzilting.

Verder onderzoek naar offshore meteorisch grondwater is daarom gewenst, Met een
beter begrip van de omsiandigheden, waaronder dit water kan onistaan, is het mogelijk prog-
nases (e geven over het voorkomen op bepaalde locaties. Het voorkomen is. zoals reeds
gezegd. eerder regel dan uitzondering met name in ondiepe zeeen ( < 70 m). waar de eersie
300 m onder de zeebodem bestaan uit afwisselend zand- en kleipukketten.

Voor de exploratie is het zinvol om geofysische detectiemethoden 1e ontwikkelen. zoals
de combinatie van transient domain electromagnetics en hoge resolutie seismiek.



Chapter 1.

Introduction

L.I. Background

Before joining the - then - Faculty of Earth Sciences of the Vrije Universiteit
Amsterdam in 1994, T worked 14 years in several countries as a consulting hydrogeologist.
Many of the projects were carried out in coastal plains, among others those of the
Netherlands, Mozambique, Arabian Gulf and Suriname. In these areas I ofien observed
aroundwater salinity pattens and flow systems that did not comply with the classic concepls
on coastal hydrogeology. Notably in Suriname, where I worked from 1990 10 1994, 1 was
confronted with enigmatic phenomena like unexplainable artesian heads, stagnant bodies of
fresh groundwater in deep aquifers near the shore, but also saline groundwater bodies far
inland (UNDP/WHQ, 1972; Groen, 1998; IWACO/ER. Harris, 1991). Lack of understan-
ding of these phenomena complicated groundwater exploration and management and led 10
overlooking of valuable fresh groundwater resources and unexpected salinization of wells.

In the course of time, the impression grew on me that the main reason for anomalous
observations is that classical hydropedlogical concepts of coastal plains do not account for
geological events operating on large scales of time and space. This refers specifically to cli-
matic changes and marine regressions and transgressions during the last hundreds of thou-
sands of years. The effects of these events are still reflected in the present hydrogeoclogical
state. Stated differently: the ever changing geological conditions of climate, topography and
sea level appear to have produced hydrogeochemical, isolopic and even hydraulic head pat-
tems in coastal groundwater, which are not in equilibrium with present-day boundary condi-
tions because of the large relaxation times. In that respect we find ourselves al a very speci-
fic point in geological history, as a major sea fevel rise of more than 100 m took place a
relatively short time ago (12000 to 6000 years BF).

After joining the university, I proposed to initiate a Ph.D. swudy into these matier. The
coastal plain around the capital of Paramaribo in Suriname (South America) seemed 10 be a
svitable case study because of the availability of data. Many earth scientists and engineers
investigated the coastal plain around the capital of Paramaribo especially during Dutch colo-
nial times (Wong et al., 1998a: Groen. 1998). Also water supply, mining and oil companies
in Suriname were very cooperative in supplying well data and providing assistance in the
field. Investigations started in 1995 after promotor prof. dr J.J. de Vries. head of the hydro-

logy department of the Faculty of Earth Sciences, had accepted the proposal. Dr. H. Kool
took on the role of copromotor.

1.2, Objective and scope of the study

During the final stage of a PhD study it may be customary to write down objectives
Ehat fit the results, This may give the thesis a straightforward and “scientific” appearance. It
is, however, not realistic 10 suggest that objectives and scope remained unaltered during this



7-year study. In my opinion it is essential in science to show how the work took piace and
how and why objectives and scope changed. .

Initially. the objective of the PhD study was to unravel the relationship between the
anomalous salinity, age and flow patierns in coastal groundwater in Suriname and the geolo-
vical and paleogeographical development during the Last Glacial Maximum (LGM) and the
Holacene. The methodology consisted of conceptualising the paieogeographical and paleo-
hydrological development using existing geological proxy data and new chemical and isot-
upic groundwater data. Subsequently. these concepts and hypotheses were tested by numeri-
cal sinulation models.

The study area encompassed the 70 km wide seditneniary belt between the Suriname
und Suramacca Rivers (see Figure 3.1). Though initially investigations were restricied to the
cousie! plain, | soon hecame intrigued by data from oftshore exploration wells in Suriname
showing u body of low salinity groundwater (< 200 mg/1) extending 90 km into the offshore
sediments’ 1 suspected that present and past onshore processes are intimately coupled 1o
thase in the offshore domain and that, consequently, the latler had to be included in this
stugy. ,

* Related 1o (his, a larger time frame of about 120,000 years. including the end of the
" previpus Sengamaonian (Eemian) transgression and the entire Wisconsinan regression and
Holotene ransgressior, appeared to be mare suitable. An even longer period would be ne-
ded in order to answer questions about the genesis of deep proundwaler(> 300 m). However,
I refrained from considering earlier time inlervals because of the many uneentainties regar-
ding the Early Pleistocene and Pliocene paleogeography.

After | had acquired a basic understanding of the hydrogeoiogical characteristics of the
Suriname constal plain. T wanted to know how exceptional this case actually was. Thus, |
started to review data and reports from other coastal plains, especially eonceming the pre-
sence of fresh or-Jow-salinity offshore groundwater. There appeared 1o be striking similari-
ties with the Suriname coasl, but also dissimilarities. It was there that my research took a
more generic tum. The review sudy motivated my colleague Henk Kooi and myself to
develop mathematical models in order to define the generic conditions, which control the
presence or absence of offshore low salinity groundwater and the salinization process in
veneral.

1.3, Structure of the thesis

Chapter 7 discusses some general concepts and definitions related 1o coastal hydrogeo-
logy. which will be used in the foliowing chapters. The remaining part of the thesis is divi-
ded into two parts in accordance with the objectives described above. Pan 1 {Chapters 3-7)
deuls with observations and interpretations related to hydrogeological processes in the coa-
stal plain of Suriname, whereas Part I (Chapters 8-10) is concemned with generic processes
in coastal plains. Stated in other words: Part I represents mainly the inductive phase and Part
II the deductive phase of this research project.

Part 1 stants in Chapter 3 with a description of the present hydrological and hydrogeolo-
gical conditions in the coastal plain around Paramaribo. Chapter 4 presents a reconstruction
of the paleogeography and palechydrology during the last Wisconsinan (Weichselian) glacial
and the Holocene, mainly based on previous studies and proxy data. A conceptual model
explains how saline groundwater from the previous Sangamonian (Eemian) transgression

has been flushed from the coastal and offshore sediments in Suriname. This process is quan-
titatively evatuated by numerical groundwater modelling. Chapter 5 deals with the saliniza-
tion process of the coustal sediments during the Holocene transgression. The concept of the
diffusive salinization process. derived from chloride conceniration and chlorite isotope pai-
tems, is verified by mathematical modelling. In Chapter 6 the hydrogeochemistry of the coa-
stal sediments is investigated (0 provide additional clues for the freshening and salinization
processes during the Wisconsinan and Holocene. respectively. Special auention is given to
cation-exchange processes. Also in this chapler concepts derived fram analyses are evalua-
ted by mathematical hydrogeochemical models. Chapter 7 discusses the isolopic compaosi-
lipn of groundwater. The groundwaler isotopes shed more light on the paleogeographic con-
ditions in the coasial plain of Suriname, notably that of climute, vegelation and groundwaler
flow during the Last Glacial Maximum (LGM) and the Early Holocene.

Part It starts in Chapter 8 with un overview of the worldwide occurrence of offshare
groundwater of low salinity (meteoric groundwater). Then, in Chapier 8. a model is present-
ed (o calculue the offshore extension of meteoric groundwater driven by coastal flow
systems. This model helps to discriminate between “recent” submarine meteoric groundwa-
ter belonging to active flow systems and 1o fossil groundwater bodies formed during glacial
low stands (paleogreundwater). In Chapier 10, 2 variable density flow maodel is used to
study salinity patiems in time and space for situations in which saline water of high density
averties fresh water of low density. The maodel is applied io (i} “steady state” conditions.
arising when fresh groundwater is driven by coastal flow systems into the offshore and dis-

ch,fmrged as submarine seepage, and (ii) unsteady-state conditions created by a sea encroa-
ching a coastal plain.



Chapter 2.

Some concepts and definitions related to coastal hydrogeology

2.1. Groundwater origin and salinity

The salinity of groundwater is expressed in total dissalved solids (TDS) in mg/l and
chlaride concentration in mg/l or mmol/l. The first is useful as it is directly refated to the
water density; the second is appropriate because chloride, as a conservative compound, is a
better tracer for the origin of groundwater and the degree of mixing. Definition of salinity
classes and groundwater origins are not consistent in literature. This study uses the ciassifi-
cation shown below in Table 2.1.

4 3
B g
Salinity class Origin TDS in mgit Chloride in mfl) & 's,-,
Fresh Pristine meleoric < 50

Fresh’ Meteoric 0- 1000 0-1250
Moderaely brackish Meteoric 1000 - 12,000 250 - 7.0¢00
Brackish 12.000 - 24,000 7.000 - 14,
Suline Marina 24,000 - 34,000 14,000 -
Hypersaline > 34.000 > 20,000

Table 2.1, Groundwater salinity ¢lasses

Meteoric groundwater is groundwater originated from precipitation that has infil
in the soil, either directly or indirectly from surface water. In this study fresh meteori
eroundwater. which only contains salts from aerosol dissolution and normat rock/w
interaction, is defined as pristine meteoric groundwater. As a rule of thumb ground
with salinities less than 50 mg/ of chloride can be considered pristine in most coas
Meteoric groundwalter in coastal plains with higher chloride contents has generally,
influenced by diffusive and dispersive mixing with saline groundwater. Because g
ter Joases its meteoric signature with increasing salinity. this study has, somewhat arbitrarty.
defined meteoric groundwater as groundwater having a salinity less than 1/3 of that of sea-
water or less than 7000 mg/i of chloride. According to the definitions used here (Table 2.1)
meteoric groundwater can be fresh to moderately brackish. Marine groundwater is saline
water defined as water with chlorinities between 14.000 and 20,000 mg/l. Note thal proces-
ses like evaporation (sabkbas) and dissolution of evaporitic rocks may also increase the sal-
inity of meteoric and marine waters. This implies that some saline and hypersaline waters
may be of meteoric and not of marine origin. These processes are not considered here.

2.2. Flow systems

This study adheres to the flow system concept described in Toth (1963, 1995), De Vries
(1974} and Engelen and Kloosterman (1996). According to this concept the sedimentary
basin forms a hydraulic continuum in which coastal topography and climate invoke a com-



plex patiern of groundwater flow paths from recharge to discharge areas. In l'his patern a
hierarchy of nested flow systems can be discerned (Figure 2.1). With increasing depth, flow
sysiems increasc in length, have larger groundwater residence times and bccome- contrqlied
by Tower-order tregional relief features. Generally the concept of flow systems Is restricted
w wopagraphy-driven flow und applied for steady-state flow. For this study the ﬂow-sysxemfs
concept is expanded (o include the realms in the deeper and offshore part of the coastal sedi-
mens where density-driven and compaction-driven flow dominates (Bethke et al.. 1988.
Harrison and Summa. 1991: Kooi. 1999). In addition it is noted that not so much the present
flow systems hut rather the changes in these systems ihrough time have 10 be understood to
cxplul;l the characteristics of coastal groundwaler.
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Figure 2.1, Groundwater flaw systems (after Engelen and Kloosierman. 1996)
2.1. Fresh/saline interface

Topography-driven flaw systems in coastal plains generally form fresh gmundwaler.
bodies “floating” on deepes saline groundwater. This is explicitly expressed in the equatons
of Badon Ghijben (1988), Herzberg (1901) and Hubbert (1940), which relate the depth of the
fresh/saline interface position 1o groundwater heads in the metearic groundwater body. These

relalions assume steady-state fresh groundwater flow aver an immiscible and stagnant body
of saline groundwater. In reality. the interface is not sharp but forms a mixing zone caused by
transverse dispersion of flow along the interface (Verruijt, 1571 Meinardi, 1991: De Jossetin
de Jong and van Duijn. 1986). The fresh/saline interface is an undulating surface. which
arches upwird below discharge zones like rivers and wells. Along the coastline the fresh/sali-
ne interface reaches the land surface or the seafloar. Near discharge areas the brackish transi-
tion zone may become relatively wide and the sharp interface approximation can no be longer
maintained (Souza and Voss. 1987). In a sedimentary environment comprising several aqui-
fers scparated by semi-pervious clay layers, the fresh/saline inlerface forms a staggered line
with fresh water protruding below the clay layers. This is well documented for the Long
Istand coust near New York. USA (Lusczynski and Swarzenski, 1966). Observations (Kohout
1964) and analytical models (Bear and Dagan, 1964; Glaver, 1959) show that the diseharpe
zone of a phreatic aquifer extends several meters 1o hundreds of meters offshore. In a semi-
confined aquifer the steady-state interface may extend many kilometers into the offshore zone
as is shown by analytical models (Edelinan, 1972; Mualem and Bear, 1974).

In the dispersion zone around the fresh/saline interface, topography-deven flow drags
saline water from the underlying saline groundwater body and discharges brackish groundwa-
wer in the sea or inland seepage areas, like the polders in the Netherlands, Cooper (1964) rea-
soned that in a sieady-state situation these salts have to be replenished by saline groundwater
irom ihe sea. Henry (1964) confirmed this hypothesis mathematically and found out that a
convective flow pattern is induced in the saline groundwaler body near the interface. The loss
of salts from the dispersion zone may also be supplied by upward flaw of salt water driven
from deep sediments (compaction-driven flow).

In parts of sedimentary basins with little flow, fresh/saline interfaces are often absent and
groundwater is mainly brackish. This cannot be explained by steady-state flow systems, but

must the result of incomplele processes triggered by peologicai events in the past. This aspect
is essentially the subject of this thesis.

2.4, Paleogroundwater

The more or less stagnant brackish groundwater bodies. mentioned above, in the deeper
part of coastal sediments are generatly old. often of Pleistocene ape. Examples in various
parts of the world are those found in Suriname (Groen. 1998). Jakarta. Indonesia (Geyh and
Sofner. 1989). Belgium/Metherlands (Walraevens, 1990) and Bangkok, Thailand (Sanford and
Buapeng, 1996). This groundwater dates from a period when the topography-driven flow
systems had another and generally larger domain due to lower sea levels or higher relief. In
the present study these “fossil” groundwater bodies are denoted as paleogroundwater. By
comparison, in the isotope-bydrology literature, paleogroundwater is loosely defined as mete-
aric water originated in the distant past. when other climatic conditions prevailed and left
their marks in the isotopic compasition of groundwater (IAEA, 1981; 1983). I prefer the for-
mer definition, because in the dynamic coastal zone groundwater flow sysiems do not change ‘

so much because of cliga_.;e change, but rather because of changes in topography and sea

level. Therefore, paleogroundwater 1s defined 1n this study as meteoric groundwater formed

by an old flow sysiemn that was controlled by conditions of sea ievel, topography or climate
different from today. Another, simpler, definition is the following: paleogroundwater is mete-
oric graundwater that cannot be explained by the present flow systems.



. Part 1.

F

Case study of (paleo)groundwater in the coastal plain and conti-
nental shelf of Suriname
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Chapter 3.

Hydrology of the coastal plain and continental shelf of
Suriname

3.1. Introduction

Suriname is situated in South America. between 1+ NL and 60 NL, and is bordered by
Guyana in the West, French Guiana in the East and Brazil in the South {Figure 3.1). The
Atlantic coust has a length of 350 km. Suriname has been a Duich colony: it gained inde-
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Figure 3.1. The coasta! plain around Paramaribo, Suriname.
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pendence in 1975. During colonial times the physical environment has been studied extensi-
vely because of the mineral resources {gold. bauxile and oil) and the high agricultural pro-
duction of the coastal plain (Wang et-al.. 1998a). The population is about 400,000, of which
200,000 are living in and around Paramaribo. The capital always relied on the groundwater
as 1 resource for drinking-water supply because of saline water intrusion in the coastal
rivers. Groen 1998 reviewed the hydrogeological investigations that were carried out in the
coastal plain during the last century. An important theme in these investigations was the
complicated groundwater salinity pattern in the coastal aquifers. This chapter presents an

outling of the geology. the present climate and hydrology and the basic hydrogeological cha-
riacteristics. as observed today,

3.2, Climate

Suriname has a wet tropical climate with an average anaual temperature of 27.1 *C and
a lotat rainfalt of 2200 mm at Paramaribo. Seasonal temperature variation is small: the maxi-
mum dilTerence ol monthly averages is 2 #C. Daily temperature fluctuates between an avera-
ge daily maximum of 30.5 »C and an average daily minimum of 22.8 9C. Seasons are mar-
ked by the rainfall pattern shown in Figure 3.2. There is a long rainy season from April to
mid-August lollowed by a long dry season until December, Less predictable both in timing
and amount of rain are the short rainy season in December and January and the short dry
scuson in February and March, Dry has 4 relative meaning. because even during the long dry

season, rainfall at Paramaribo is Gencrally higher than 70 mm/month,
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Figure 3.2, Rainfall and pan evaporation at Zanderij airport, Suriname,

The rainy seasons are related to the shifting Inter-Tropical Convergence Zone (ITCZ.).
The ITCZ, the average position of which is at 52 NL, the meteorological equator, passes
Suriname twice a year. During the long dry season from August until December, the ITCZ is
au its most northern fimit and southeast trade winds prevail. During the test of the year the
ITCZ lies over, or _|ust south of the study area, and northeast trade winds prevail. Pan evapo-
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ration at Paramaribo varies from 100 mm/month during the long rainy season to 170 mm in
the long dry season {Figure 3.2}.

3.3. Landscape

The major part of Suriname is underlain by the erysialline rocks of the Guiana Shield
forming a hilly landscape with tropical rainforest, In the north of the country a belt of clastic
sediments stretches along the Atlantic coast, having a width of 70 km in the study area near
Paramaribo. Many earth scientists and biologists have investigated the sedimentary fandsca-
pe in detail (Cohen and Van der Eyk, 1953; Van der Eyk, 1954, 1957, Zonneveld, 1955
Lindeman and Moolengar, 1959; Brinkman and Pons, 1968 Veen, 1970 and Teunissen,
1978). The sedimeniary landscape can be divided ino three geomorphological unils: the
savannah.beli, the "0ld” or Pleistocene coastal plain and the “young™ or Holocene coasial
plain. :
The 20 km wide savannah belt in the South forms an undulating landscape on Pliocene
sands (Figure 3.1). Elevations vary from + 10 m (relative to mean sea level) in the North Lo
+ 50 m in the south. Despite its name only 30 % of the savannah belt in the project area is
covered by typical open savannahs with grasses, sedges and low bushes (Teunissen, 1978).
Most vegetation eonsists of xeromorphie dry-land forest and savannah woodlands.
Characteristie blaek water creeks, bordered by swamp and gallery forests. dissect the savan-
nah belt. Apart from Zanderij airport, human impact is small in this sparsely populated area.
Despite the tropical climate, savannah vegetation can persist because of the low moisture
retention capacity and nutrient content of the coarse sandy soils and the regular burnings by
the Amerindian population.

The actual coastal plain north of the savannah belt is much different: the flat marine
plain is primarily underlain by clays with elongated East-West running beach barrier depo-
sits {“ritsen™) as the main morphological features. The Pleistocene part of the coastal plain is
225 km wide zone between Zanderij airport and Lelydorp with elevations between +3 o
+10 m {Figure 3.1). The plain is an assembly of clay plates (“schollen™) dissected by nume-
rous swamps and creeks filled with Holocene clay and peat. The plain was probably formed
during the Sangamonian transgression and later dissected during the Wisconsinan regression
(Veen. 1970). Between Lelydorp and Rijsdijk road. Pleistocene beach barrier deposits have

" coalesced into an elevated complex (+6 to +10 m). called the Lelydorp sands (Figure 3.1).

Swamp grasses and swamp forests cover the inaccessible and marshy parts, mainly in the
south, while dry-land forest is found on the better-drained parts. In the rest of the area, and
especially on the Letdyorp sands, the original dry-land forests have disappeared by settle-
ments and activities like agriculture, forestry and cattle breeding. Most of the old plantations
have been abandoned and are presently overgrown by secondary vegetation. In the area bet-
ween the Rijsdijk road and Paranam, the landscape has been strongly affected by the large
and deep bauxite mines and the bauxite refinery at Paranam. Nowadays the abandoned
mines form large lakes.

The Holocene plain, elevated at +1 10 +3 m, has a width of about 25 km. Locally it
penetrates deeply southward along the valleys of the Suriname and Saramacca rivers (Figure
3.1). This part of the coastal plain has lost most of its original character because of agricul-
tural activities, settlements and especially the expanding city of Paramaribo. The vegetation
was formerly marked by dry-land forests on the beach barriers and berter drained parts of
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the clayey plain. and by swamp forests on the low-lying pars. Grasses and shrubs dominate
the recently formed land ¢after | ka BP) North of the line Groningen-Paramaribo-
Commewijne River. where soils still contain brackish water.

The continental shelf slopes with a gradient of about 1:2.000 10 a depth of 50 m about
100 km offshore (Figure 3.3 and 4.4). Then the gradienl increases 10 1:800 upuil it reaches
the shell break ¢t a depth of 100 m about 140 km offshore. where the gradient increases to
about 1:20 1 1:100. Remarkable morphological features are remnants of the Pleistocene
palevchannels of the major rivers like the Marowijne (Nota. 1971} and old coastlines and
coral reels reluted 10 interruptions of the Holocene transgression (Nota, 1958, 1971).

Coastal plain
araund
Paramaribo

Atlantic Ocean

Figure 3.3, Geolagy and caichments of major rivers along the Guiana coast {after Bosina et ul.,
WY1, 1) Granulite belis: (2) Amphibolite facies of 1% (3) Low-grade metasediments: (1) Greenslone
pelis: 15) Acid-intzrmediate metavolcanics: (6) Granitoid rocks: (7} Roraima sandstones
(Precambniany; (&) Phanerozoic sediments

3.4, Geology

3..4.!. General

The crystailine basement of Suriname is pant of the Guiana shield (Figure 3.3) and con-

sists mainly of granitoid and metamorphic rocks (De Vietter et al., 1598). Metamorphic

rocks (Marowijne Group) underlie the northem part of the catchments of the Saramacca and
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Suriname rivers (Figure 3.3) and are aleo encountered in boreholes in the coastal sedimenta-
ry zone. The clastic Mesozoic and Cenozoic sediments 1n the coastal zone and the coniinen-
1al shelf are part of the Guiana Basin, which exiends from the Waini River in Guyana to the
Marowijne River in eastern Suriname {Figure 3.3). The sediments are described in more
detail in Annex I (see also D" Audretsch (1953), Brinkman and Pons, (1968). Veen. (1970}
Krook, (19791, Hanou (1981) and Wong {1984, 1989}, Sedimentation in the Guiana Basin
sturted in Late Jurassic to Early Cretaceous limes. when the African and South American
shields began to drift away {Wong 1976),

The stratigraphy (Figure 3.4) consists of a series of formations increasing in thickness
an¢ depth towards the north and onlapping the basemeni. rocks or oider sediments (Fipure
3.5), The thickness of the sediment wedge increases from a few meters in the savannah belt
to 750 m along the coastline und finully 10 10.000 m aboul 140 km offshore (Wong et al,
1998b. Figure 3.6). The material for the subsiding basin was derived from the continuously
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rising crystalline basement. south of the basin (Krook. 1994). After the Early Miocene the
Amazon River became a more important source of supply (Wong. 1976. Krook. 1979}
Before that lime, when the Andes Mountains were not yet formed. drainage on the South
American continent was direcied towards the West (Krook. 1979,

Soulh

&G Upper Crelaceous
= basement estimated

Figure 3.6, Offshore gealogy (after Wong et al.. 1998k,

242 Creraceons and Terriary

The Cretaceous sediments in the coastal plain consist of terrestrial unconsolidated and
consolidated fine to very coarse sands and kaolinitic claystones of the Nickerie Farmarion.

During the Paleocene and Eocene mainly shallow marine deposils were deposited
during several transgressive phases. Three formations are distinguished with different facies
{Wong. 1986, 1989}): the continental 1 1o 40 m thick Onverdachi Formation is charaeterized
by coarse kaolinitic sands and kaolinitic clays deposited on alluvial fans and in braided
rivers during the Paleocene. and in floadplains and coastal swamps during the more humid
tropica} Eccene. In the sudy area. the formation can be found as isolated buried “hills™ cap-
ped by bauxite and laterite in a 10 km wide small zone around Onverdacht and further
eastward, The Onverdachl Formation passes northward into Saramacca Formation, found
between the Groningen-Lelydorp line and the coastline (Hanou, 1981}, The formation con-
sists of alternaling quartz sands and kaolinitic clays. forming depositional cycles with alter-
nating marine and continental environments. The formation contains thick and continuous
sund units. which enable deep groundwater circulation. Oil in the Tambaredjo oil fieid is
recovered from one of the lower sand units (T-sands). which is confined by an impermeable
clay laver. The top of the formation is found at a depth of about -140 m (below msl) just
North of Lelydorp and slopes to -220 m along the coastline West of Paramaribo. Further
North the Saramacca Formation changes facies and passes into the marine Alfiance
Formation. This formation. consisting of silty marls. clays. calcareous sands and lignites, is
much less permeable. Weathering during a prolonged recession in the Cligocene led to
bauxite formation on the Onverdacht formation and crystalline basement rocks. Erosion pro-
ducts were deposited as braided-river and alluvial-fan deposits forming the Burnside
Formation (A-sand aguifer). in Suriname the formation is found in some northeast-south-
wesl oriented tecionic basins along the coast, like that of Paramaribo (Hanou, 1981}, The
Burnside Formation has been encountered just North of Lelydorp at a depth of -130 m.
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North of Paramaribo near the coastline the top of the formation is found ai -180 m. The
coarse permeable sands of Burnside Formation vary in thickness from 5 to 80 m in 4 deposi-
tional centre 10 to |5 km West of Paramaribo.

During the Early Miocene two major trangressions led to deposition of clays, sandy
clays and sands with glauconite and lignite layers (Coesewijne Formaticon). Compared to the
older formations the deposiis of this formation contain much more clay (40-80 % ). origina-
ting from the proto-Amazon catchment. The lower, more clayey part of the Coesewijne
Formation is found only in the Holocene coastal plain at a depth of around -95 m. The upper
more sandy part extends as far south as the Rijsdijk Road in the Pleistocene coastal plain, -
though it is absent on the buried bauxite hills around QOnverdacht. The depth of the 1op of
the Coesewijne Formalion varies from -60 m in the south to -75 m. On the continenta) shelf
the facies of the Coesewijne Formalion changes into a shaliow-marine carbonate platform.

The Pliocene sediments. exposed in the savannah bell, consist of coarse, white and
brown. kaolinitie sands with imerbedded kaclinite clays and were deposited in braided stre-
ams and alluvial fans (Krook, 1979, Van Voorthuysen. 1969}, interisive weathering and lea-
ching gave the xavannah sands their characteristic bright-while appearance. North of the

savannah belt the Zanderij Formation is covered hy Quaternary clays with a thickness of 4
m at Republiek to 35 m along the coastline.

343 Quarternary

During a Pleistocene. probably the Sangamonian. transgression tidul lagoon clays inter-
spersed with sand barriers were deposited. These sediments form the Caropina Formation
and are found in the Pleistocene coastat plain between Republiek and Lelydorp. The sand
barriers. found mainly in the northern part of the Pleistocene coastal plain. form now a more
or less continuous blanket of sands. The Wisconsinan regression led (o erosion of the
Pleistocene surface in the coastal plain and the present offshore zone. Veen (1970) and
Roeleveld and Van Loon (1979) found several gullies in the Pleistocene plain filled with
Holocene deposits to depths of 10 m below the present surface. The present author found
evidence that the paleochannel of the Suriname River near Paramaribo was deeper than 30
m. This is based on the results of two boreholes drilled for this study (Chapier 5) and on
some unpublished weil logs and cone-penetration tests. The Pleistocene clays show signs of
deep weathering during the Wisconsinan regression {Veen. 1970. Levelt and Quakemnaat.
1968).

During the Early Holocene from 12 to 6 ka BP, the sea Jevel rose from a depth of more
than 100 m to the present level (Roeleveld and van Loon. 1979: Fairbanks. 1989: Figure
4.2). Marine deposition resumed and obliterated most of the Pleistocene erosion topography.
Beeause the Holocene transgression did not reach the level of the previous Sangamonian
transgression. the Pleistocene coastal plain in the south was preserved. though the gulljes
were filled with the peaty clays of the Mara Formation and can still be recognized as

-swamps. After sea-level rise slowed down between 6 and 7 ka BP coastal aggradation began

and exiensive tidal flat clays alternating with beach barriers with sands and shelis were
deposited in the Holocene coastal pléin (Coronie Formation). Brinkman and Pons {1968)
discerned three distinctive phases in the coastal apgradation: the Wanica phase from 6 t0 3
ka BP. the Moleson phase from 2.5 to 1.3 ka BP and the Commewijne phase from 1 ka BP
to present. The main part of the Holocene coastal plain in the study area dates from the
Wanica phase. Only North of the road Paramaribo-Groningen and the Commewijne River
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recent deposits of the Cammewijne phase are found. Coastal aggradation is still going on: in
the littoral zone rapid sedimentation is taking place on moving mud banks (Augustinus,
1978: Augustinus et al.. 1989). Oceanographic surveys show thatthese Holocene mud depo-
sits are found on the sea floor up to 30 km offshore and have a maximum thickness of 20 m
(Nota. 1958, 1969).

3.5. RunofT and recharge
25,1, The savannah belr

Rainfull runoff processes have been investigated by Poels {1987) and Brouwer (1996)
in sinall catchments in the savannah belt, Poels (1987) studied a catchment near Kabo west
ol the study ares and Brouwer (1996} a savannah catichment in Guyana. Both authors report
that, despite the frequent high-intensity rainstorms, surface runoff is a small component of
total runoft (< 10 %), because of the sandy subsoil and the low surface gradients. Rainfall
leaves the caichment mainly via evapotranspiration, while the rest is drained by perennial
and ephemeral creeks {Table 3.13. Rainfall is transformed in river flow by (i) fast runoff just
below or on tbe surface. here called interfiow and (ii) slow runofT by groundwater, which is
cqual to groundwater recharge. Chemical analyses of peak flows indicate that fast runoff is
not much affected by evapotranspiration. On the basis of simple water and chloride mass
halances. using average data of these catchment studies. recharge values can be estimated:

P-E=gQ a.n
Q=R,, +R, (3.2
POl =R Clonin, T Ry, -, 3.9

where P = precipitation. £ = actual evapotranspiration, ¢ = creek discharge. R, = ground-
water recharge and R;,, = interflow. All these fluxes are in mm/a. C/,;, and Cl, ., arc the
chloride concentrations of rainfall (and interflow) and groundwater recharge. respectively.
Equations (3.1). (3.2) and (3.3} lead to the following relation, where groundwater recharge is
expressed as a function of measurable variables:

Ci )
R =(0-0 = -1 a4
ralr

The results for fast and siow runoff are presented in Table 3.1. For verification Ci,;,,,
can be calculated and compared with the average measured value according to:

R R,
a,. = ? o TN 5" Clo (3.5)
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Variables Kabo (Sur,)
(1980-1982)

Mabura Hill (Guy.}
(1991-1992)

Mensured:

P imm/u) 2200 2480

@ (mm/fa) 590 1040

Cl o (Mmold]) 0.025 0.023
€l . (AMONA1) 0.156 0.093
Clijee  [mmoldl) 0.100 0.073
Cafculuted:

R, (mm/a) 290 570

R (MmM/a) 3% 470
Clprer (MMOIL) 0.092 0.055

Table 3.1. Wuter balances of catchments in the suvunnub belt bused on chloride mass balances Data for
Kubo are from Poels (1987) and data for Maburo Hilk from Brouwer {1996).

The results (Table 3.1) show that groundwater recharge varies between 300 and 500
mm/a. Becuuse the savannah bell in theSTudy area has a relatively large percentage grasses
and shrub vegetation. a value of 5§¥l mgl;‘: seems more likely and has been used for ground-
water modelling. According 16 Egels ) and Brouwer (1596), caichment losses by deep
groundwater flow are negligible, This implies that the recharge in the savannah belt does not
feed the Tertiary aquifers in the coastal plain. This is corroborated by # groundwater model-
ling study by Post {1996), Groundwater recharge appears to take place mainly during the
fong rainy season: observations of phreatic groundwater levels in the savannah belt
(Weyerman, 1930: Heyligers, 1963: UNDP/WHQ, 1972) show large fluctuations (2.5 to 3
m) with maximum levels at the end of the long wet season and minimum levels at the end of
the long dry season. Effectiv; rainfall, which is equal 10 rainfall minus actual evapotranspi-
ration. is positive only durifig the long rainy season. This can be inferred from Figure 3.2,
where monthly rainfall and pan evaporation are shown. It is noted that actual evapolranspi-
ration in the wet tropics is close to potcntial evapotranspiraticn (Bruijnzeel. 1990).

3.5.2.  The coanal plain

Catchments in the flat coastal plain are not as well defined as in the savannah belt.
Effective rainfall on clayey terrain is mainly discharged via overland flow and interfiow to
swamps. creeks and man-made drainage channels. Typical for the clay terrain is the “kaw-
foetoe™ surface consisting of little hummocks (0.1 to 0.3 m?) separated by smal! drainage
channels {0.] to 0.2 m wide). Even with small topographic gradients, such a terrain enables
fast overland drainage during heavy rainstorms. Phreatic groundwater flow systems cannot
develop because of the low permeability and flat topography. The more permeable and
slightly elevated beach barriers have higher infiltration capacities and sustain small ground-
water flow sysiems. Relatively large phreatic flow systems are found in the Lelydorp sands,
where drainage density is much smaller than in the rest of the coastal plain.
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3.6. Groundwater
3.6.1. Aquifers and aguitards

Only 2 general description of aguifers and aquitards in the coasial plain of Suriname is

given (Annesx [ provides a mare detar escription). I'ne most important aquifers are found
in the Tertiary formations. The deep Eocene and Paleocene Saramacca Formation in the
Holocene coastal plain around Paramaribo have not been investizated much in earlier hydro-
geological studies (Figure 3.5). Qil exploration drillings show that this formation contains
thick sand units, but these are saturaled with brackish groundwater. The coarse sunds of the
Oligocene Burnside Formation form a well-defined and interconnected unit and have good
aguifer properties. Groundwater in this aquiler is recovered by pumping stations in
Paramaribo for drinking water supply (Table 3.2). in hydrogeoiogical literature this aquifer
is ulso known as the A-sand aguifer. The massive Cuesewijne Formation consists of allema-
ting clays and sand layers, Sometimes. a distinciion is made between upper and lower
Coesewijne aquifers. though the aguifers are not well defined. The sands of the upper
Coeswijne Formation. which have the best ayuvifer properties. extend southward ino the
Pleistocene coastal plain, where they link with the overlying Zanderij Formation (Figure
1.3). The Coesewijne sands are also exploited in some small pumping stations in and around
Paramaribo (Figure 3.1 and Table 3.2). The Zanderij Formation contains mainly sands and
furms a good aquifer, which is present in the entire study area. Sand barriers (ritsen) in the
Coropina and Coronie Formations form shallow phreatic aquifers of local extent.

The fined-graincd. compacted Cretaceous deposils 2cl as an aquitard. Modemn and
paleoflow systems were not able o flush saline groundwater from these deposits (Section
5.4.2). The clays between the Burnside and Coesewijne aquifers probably form another
important aquitard. as is derived from the orginally anesian proundwater heads (Section
3.6.3.). Also clays below the Bummside Formation are believed 1o have a high hydraulic
resistance, as the salinity of pumped water in the well fields only slowly increases due to
lateral advection rither than by upward flow from the more saline deeper strata. The
Quiiternary marine clays exposed in the coastal plain form an aquitard with a high hydraulic

resistince. as was observed in pumping tests (Mente, 1990a; IWACO/F.R. Harris. 1991
Terracon Anguilla Lidy.

3.6.2. Groundwater salinity

The salinity patiern in the coastal sediments has been studied before in exploration stu-
dies for the drinking water supply {Groen. 1998; IWACO/FR.Harris. 1991: UNDP/WHO,
1972). Figure 3.7 {from Groen. 1998) shows only the extent of fresh groundwater (chloride
content < 200 mgf) in the various aguifers. Therefore a more detailed survey has been car-
tied out (Groen el al.. 2000a) to delineate the salinity contour lines in a North-South and
East-West section (Figure 3.5 and Figure 3.8, respectively). These salinities. expressed in
mg/ of chloride. are based on laboratory analyses of water samples from observation and
pumping wells and stem tests (exploration drilling) and esiimated concentrations from verti-
<al geaphysical soundings and geophysical borehole logs.

In the Holocene coastal plain. brackish and saline groundwater with chloride concen-
trations exceeding 2,000 mg/l is found in the upper 30 to 100 m of the coastal sediments and

. shows a deepening trend towards the north. Saline pore water in the upper pant of the
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Figure 3.7. Fresh groundwater in the coastal
aquifers of Suriname around Paramaribo {from
Groen. 1998)

Holocene coastal plain salinity has been
partly flushed. The depth of freshening
depends on the time of retreat of the sea
{Brinkman and Pons, 1968} and the permea-
bility. The sandy beach barriers, in particu-
lar, contain fresh groundwater lenses, which
were exploiled by open wells before public
water supply was established in 1933,

The Tertiary sediments contain reluti-
vely fresh groundwater of meteoric onigin.
The North-South section of Figure 3.5
shows that an actual interface between fresh
and saline groundwaler does not exist near
the coastline. as hydrogeologists feared in
the past (Groen. 1998) . Groundwater
increases only very pradually in the seaward
direction. Groundwater with low chloride
content (< 2,000 mg/1) extends even 90 km
into offshore shelf deposits. Fresh potable
waier with chloride concentrations below
250 mgp/1 is found South of Paramaribo,
though the pattern differs for the various

aquifers (Figure 3.7). In the far South of the °

coastal plain pockets with brackish ground-
water are found. These are probably related
10 the short incursion of the sea in the
incised Pleisiocene valleys around 6 to 8 ka
BP. when also the Mara deposits were for-
med (Roeleveld and Yan Loon. 1579;
Groen. 1998). Pristine groundwater, not
affected by salinization (Cl < 50 mg/) is
found below the aciive recharge areas of the
savannah belt and the Lelydorp sands
(Figure 3.5).

Highly mineralised brackish and saline
water is also found in the Cretaceous sedi-

- ments in the lower part of the sedimentary

wedge at depths of about 300 m (Figures
3.5 and 3.8).
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Figure 3.8. Easi-Wesl geological section with groundwater salinities near Paramaribo. Suriname.

1635, Growundwater flow svstems in the Tertiary formations

The groundwater flow systems in the Pliocene sands of the savannah beit are jocal
systems. as discussed above. Groundwater from this zone does not reach the Tertiary aqui-
fers in the coastal plain. Also in the coastal plain local groundwater flow systems do not
extend into the Tertiary formations either. because of the high hydraulic resistance of the
Quaternary clays. Moreover, sub-recent heads in the Tertiary aquifers were equal to, or hig-
her than, the phreatic water levels (Figure 3.9). An exception is the broad complex of sand
barriers near Lelydorp. The elevated terrain and low drainage density there lead to relatively
high groundwater levels. even higher than the heads in the Pliocene {Zanderij) aquifer
(Figure 3.9). Given the hydrauiic resistance of the Quaternary clays, a downward flux or
recharge of 10 to 30 mm/a is estimated. In this area a flow system has developed in the
Pliocene aquifer. Groundwater modelling (Post, 1996; Groen, 1998) showed, however, that
this' groundwater is.discharged locally by seepage into the bordering creeks and swamps.
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Figure 3.10. Piezometric heads in Zanderij aquifer in 1990 and 1950.

Sub-recent groundwater heads (Figure 3.9) anid groundwater modelling results (Figure
3.10: Groen. 1998; Post, 1996) showed that the remaining part of the groundwater in the
Tertiary formations was essentially stagnant before large-scale pumping started. The present
natural flow systems cannot explain the genesis of this stagnant and more mineralised part
of the groundwater, which therefore is denoted as paleogroundwater. Indeed, earlier studies
(UNDP/WHO, 1972; Verleur, 1991) showed that this groundwater dates from the Last
Glacial Maximum to Early Holocene (30 to 8 ka BP. In the next chapter a more detailed
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accaunt is given of the past flow systems. which 1o the formation of paleogroundwater,

Pumping by well fields in and around Paramaribo during the last 40 years has led to
large declines in regional groundwater heads (up to 25 m). and dominales the entire flow
field in the coastal plain.

Sub-recent heads in the deep Oligocene Burnside aquifer were artesian (+ 3.5 m). a
condition alsa found in other pants of the coastal plain like Nickerie, Suriname
(UNDP/WHOQ. 1972) and the coastal plain of Guyana {Ramsahoye, 1959; Arad. 1983;
Groen. 1998). This phenomenon cannat be expluained easily. as the aguifer has no outcrop
and groundwaker advection from the elevated savannah recharge area is impossible given the
gradients in the aquilers (Figure 3.9) "Oceun loading™. suggested by Dixon (1971}, does not
hold either, as the wedge of high-density seawaler cannot creale such an overpressure, It is
more likety that the artesian heads are the result of the rapid Holocene sedimentation.
Instamtancous “sediment loading™ initiully evokes increused pore-waler pressures and inler-
granular pressures. The [irst normally guickly dissipate by upward seepage. In this case.
however, the overlying Coesewijne clays must have a very high hydraulic resistivity, which
hax returded this process. Heads in the Saramacca Formation are probably even higher than
those of the Burnside Formatien. A study of the oil reservoirs in Surinume by Noorthoomn

van der Krodjft (19703 reparts that the Nuids in the Saramacca Farmation are over-pressuri-
zed wilh respect 1o hydrostatic pressure,

d6.4. Groundweter recovery

Groundwater recovery for the public water supply started in 1933 with the Republiek
produgiion station, some 45 km south of Paramaribo (Figure 3.1). This well field. which is
still operational, pumps groundwaler of excellent quality at shaliow depths from the Zanderij
aquifer, Earlicr (in 1903), an exploration well revealed the preseace of potable water in the
Caesewijne and Burnside aquifers in the very heart of Paramaribo. Because groundwater in
these aquifers had relatively high chloride contents (170 mgA), the Duich water-supply engi-
neers thought that saline groundwater was close 1o the wells and feared imminent saliniza-
tion of the wells (Groen. 1998). This fear was fed by the serious problem of salt-water intru-
sion in coasta! wells in the Netherlands ar that time.

Only in 1958 the first well field was esiablished at the W.K. Plein in Paramaribo. 10 be
followed by several others in and around Paramaribo during the 20 years thereafier (Groen.
1998). Table 3.2 displays a list of all pumping stations with their 1990 extractions. which
were used for the numerical groundwater model (Section 4.3.2.). Most groundwater is pum-
ped {rom the Coesewijne and Burnside aquifers. Since 1997 a large pumping station at the

Van Hawemweg has become operational. which exiracts groundwater from the Zanderij
aquifer.

Zanderij 70
é Leiding %a Coesewijne 460
7 Leyswegp Bumside 150

Coesewijne 375
8 Livomo Burnside 450
9 W.K. Plein Burnside %0

Coesewijne 40
10 Meerzorg Bumnside 100
il Lelydorp Zanderij 250
12 Republiek Zanderij 5
i3 Tourtonne Coesewijne 60
14 Blauwgrond Coesewijne 60
15 Van Hauemweg Zanderij 1000 (afier 1997)

Nr Station name Aquifer Production in m*h
- in 1991 (model)

1 Benie Bumside 50
2 Flora Bumside 100
3 Helena Christina Bumside 70
Coesewijna 260
: Zanderij 70
4 Paranam Zanderij 830
5 Koewarasan Burnside 80
Coesewijne 140

Tuble 3.2. Pumping suitions in and around Paramaribo. (Numbers refer to location in Figure 3.10)

Chlorinities of produced groundwater at these well fields vary from 150 10 400 mg/t
and display a very slowly rising trend with lime. This can be explained from the chlorinity
pattern in the Tertiary aquifers described ubove, which shows only a very gradua] increase
wowards the North (Figure 3.5). Another probiem are the sleadily declining piezometric
heads in the aquifers. Al the W.K. Plein regional heads in the Burnside aquifer declined from
+3.5 m (artesian) to -25 m. Obviously, aroundwater recovery from the Burnside and
Cocsewijne aquilers has not induced much recharge and is, in fact, mining. Groundwater
levels and also the regionat flow patiern in the coastal pluin became complelely controlied
by the extractions. even in the Zanderij aquifer (Figure 3.10.). Apart from ing¢reasing pum-
ping costs, the declining groundwater heads may over time lead to land subsidence, a pro-
blem not uncommon in coastal plains with averexploitation of groundwater. like those near
Bangkok and Jakarta.

In the seventies 2 quest for more sustainable groundwater exploitation siarted (Groen,
1998). It appeared that sustainability can onfy be guarznteed in the far south near Republick.
where there is ample recharge (UNDP/WHO, 1972: IWACQ/ER Harris. 1991). However.
exploitation there appeared not feasible financially, because of the distance and the presence
of cxtensive swamps. Bank infiltration along the major Saramacca and Suriname rivers has,
zlso been comemplated. but sall-warer tongues extend far upstream in these rivers. Finally.
in 1997, a new large welli field has been put in operation along the Van Hattem road. South
of Lelydorp. This well field exploits 2 large isolated body of groundwater of low chloride
content (< 50 mp/) (IWACO/F.R.Harris, 1991). Active recharge is taking place here {see
above). but it does not balance the pumping rate. Nevertheless. the present production could
be doubled and still last for about 100 years. At this moment there is still 2 serious water
supply shortage. If everlasting sustainability is not required, there is still ample scope for
groundwater recovery from the Coesewijne and Bumside aquifers south and southwest of

Paramaribo, using properly designed well fields. The wel! fields in and close to Paramaribo
should be abandoned in the course of time.

3.7. Conclusions

The main aquifers in the coastal sedimentary zone of Suriname consist of sand iayers
in the Tertiary formations, Rechargg is only taking place in the savannah belt (Pliocene
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sands) in the south and on the Lelydorp sands in the coastal plain. This recharge participates
in small groundwater flow systems and is locally drained. Until recently most groundwater
in the Tertiary formations of the coastal plain was mare or less stagnant. The (former) body
of stagnant groundwater is fresh to moderately brackish and extends 90 km into the offshore
graundwater, where chloride contents are still below 2000 mg/l. Saline groundwater is pres-
ent in the upper 30 m of Holocene and Pleistocene clays and in the fine-grained Cretaceous
sediments below 300 m. The groundwater extractions, realized around Paramaribo after
1958, crealed a man-made regional flow pattern in the coastal plain. Natural recharge does
nat balance the extraciions and therefore groundwater mining leads (0 large declines in

groundwater levels and salt-water intrusion. The Jatter problem is not s severe as suspected,

bevause salinity variations in the aquifers are very gradual,

Chapter 4.

Freshening of the coastal and offshore sediments during the
Wisconsinan regression: a reconstruction of paleogeography
and groundwater flow systems

4.1. Introduction

The Suriname data (Chapler 3) showed that paleogroundwater of low salinity (< 2,000
mg/l) in the Teniary sediments extends about 90 km into the offshore zone. The stagnant
conditions and the high age indicate that this groundwater has been formed by extinct {low
systems of Wisconsin and Early Holocene age. Note that, at the end of the preceding
Sargamonian transgression, the sea level had reached a leve) even higher than today. At that
time the coastal and offshore Tertiary sediments were probably saturated with saline and
brackish groundwater. This assumplion is based on the fact that during Lhe early stages of
the Sangamonian transgression, these sedimenis were not yet prolected against saline intru-
sion by the Coropina ¢lays (Chapters 5 and 10). Freshening during the Wisconsinan spans a
period of 100 ka. However, the metearic groundwaler. found more than 90 km offshore,
must have been formed during a much shorier period: these remote parts of the shelf were
only exposed during the Last Glacial Maximum (25 10 15 ka BP), when sea-level was more
than 100 m below present level (Figure 4.1 Linsley, 1996). As recharge appears to be very
limited at present, the question now arises whal kind of flow systems could have created this
vast body of meteoric groundwater in the past.

In order to address this question in this chapter special attention is being paid o the
paleogeographical development. After the sea has retracted during a regression, topography-
driven flow systems expand downward and seaward, and saline groundwater in their
domains is driven out. This does not take place via a simple push-through mechanism.
Because of macro-dispersion at a regional scale, meteoric groundwater has o pass several
times through the flow domains before salinities reach a steady-state (Domenico and

Wisconsinan
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Figure 4.1. Sea level during the last 150 ka (after Imbrie et al., 1984 and Linsley. 1996)
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Robbins. 1985). Freshening of deep aquifers in the domain of primary flow sysiems requires
relatively long periods. In fact. residence limes in these flow systems may even be longer
than the lifetime of the system itself. On the other hand. sediments in the domain of second-
ary and tertiary flow systems with small residence times are flushed more rapidly. These
flow xystems ure related Lo erosional or sedimentary relief forms superimposed on the regio-
nal slope (Tath, 1963, 1993: Engelen and Kloosterman, 1996: De Vries, 1974). Examples of
the sedimentary Forms are beach barriers and dunes in aggrading Holocene coastal plains,
fike the coustal dunes in the Netherlands, where underlying sediments have been freshened
w0 depths of 20 16 60 m in & period of aboul 800 years (Swyfzand. 1993). Erosional relie! in
coustal plains is not so comman in present marine coastal plains, hut may have been impor-
Lt after a relative fall of sea level during the Wisconsinan placial,

A reconstruction of the paleogeographical conditions of the coastal plain and shell of
Surinume is presented in the following, Based on these reconstructions. paleoflow sysiems
are conceptuatized and investigated by aumerical groundwater models {or their efficiency in
cuwsing extensive freshening. Some results from this swdy have been published eurlier in
(Groen et al.. 2000b),

4.2, Palcogeography of the Suriname coasta) plain

4,20 Sea level and coastlines

During the carly and middle part of the Wisconsinan, sea level varied between 40 10 65

m below present sea-level (Linsley. 1996). Taking into account 20 m of Holocene sedimen-

wiion in the southern pan of the shelf,

the coastline must have been located 40

10 85 km further northward. During the —‘

Tt elacial naaximum between 25 and *C years before present

15 ka BP. xea-level declined to values BOOO 6000 4000 2000 0
_ around - 100 m (helaw presem sea

levell with minimum of -130 m at 18 ka 0 '[‘H

BP (Linsley. 1996: Fairbanks. 1989).

During this period the constline was

1]
located even 130 to 150 km north of the 3
present oastline. After the steep rise at § 5
the beginning of the Holocene (12 ka 3
BP the leve! reached its present level at T
6.5 ka BP (Figure 4.2: Roeleveld and Eqg
¥an Loon, 1979: Fairbanks, 1989). £
Given an average gradiem of 1 : 1500 3
for the Pleistocene surface 2nd a rate of 3

sea-level rise varying between 9 and 22 15
mm/a, the coastline must have moved ¢ Roeleveld & Van
landward over the shelf at a rate of 13.5 Loon (1979)

10 33 m/yr, The sea penetrated first the 20! ¢ © present study
incised fluvial paleochannels. forming a
ria coast unuj the sea-level rise slowed

Figure 4.2, Sea level rise along the Suriname coast
{after Roeleveld and Van Loon. 1979).
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down after 7 ka BP and coastal aggradasion started. Submarine terraces and coral reefs at
depths of 20 10 25 m on the Guiana coast indicate that around § ka BP (Nota. 1958) or 9 ka
BP {Van der Hammen, 1963) sea-level rise lemporarily halted,

The data from this stady do not fall on the sea level curve of Roeleveld and Van Loen
(1979) (Figure 4.2). This is because radiocarbon dating has been carried out on organic
malerial and shells in the Holocene clays, which were deposited in a shallow sea. Roeleveld
and Van Loon carried out dating on peat deposits, which were formed close 10 seu level.

4.2.2. Tapography

During the Wisconsinan regression [luviatile erosion dissected the tlat Sangamonian
tandscape (Tricart. 1985: Clapperton, 1993; Thomas and Thorp, 1996). The Amazon and
Crinaco rivers created deep paleocbannels on the continent and the shelf (up to 100 m),
which were filled up later with Holocene deposits. Erosion also took place in the voastal
plain and on the/shell of Suriname (Brinkman and Pons. 1968; Roeleveld, 1969; Veen. 1970:
Roeleveld and Van Loon. 1979: Wong, 1956) found several deep gullies {up to 10 m) in the
Pleistocene coastal plain filled with Holocene Mara deposits, The drainage patlern of these
former creeks can still be recopnized on the Pleistocene coastal plain in the present meande-
ring swamps and creeks. The drainage density varied between 0.3 10 | km/km?, Also the
large Suriname and Saramacea rivers must have eroded into the sedimenis of Lhe coastal
plain and continental shelf. Bathymetric and seismic serveys on the Suriname shelf revealed
paleochunnels related to the Marowijnc and Coppename rivers. respectively wesl and east of
the study area (Nota. 1971, Frappa and Pujos, 1994). Core drilting for this study (Chapter 4)
and unpublished data {rom exisling boreholes and cone penetration tests show that near

Paramaribo the bottom of the paleochannel of the Suriname River was about -35 m (below
msl}.

4.2.3. Vegetalion

Palynological records'demonstrale that extensive grass savannahs with Curaiefla and
Byrsonima shrebs covered the coastal plain of Suriname and Guyana during certain periods
of the Wisconsinan regression TCGM) and earlier regressions (Van der Hammen. 1974). This
eorresponds remarkably well with the floristic composition of “Welgelegen™. or clay savan-
nahs, we find nowadays on some well drained clay and silt soils in the Pleistocene coastal
plain {Van Donselaar, 1965). This particular type of savannah may have been much more
common during the last glacial. Though the Holocene climate change set in at about 12 ka
BP. the savannahs disappeared only afier 9 ka BP (Markgraf, 1993). The present grass and
woodland savannahs are relicts of the vast Wisconsinan savannahs and could only persist

because of the poor soil conditions and burming by the Amerindian population (fansma.
1594).

4.2.4. Climare

Van der Hammen and Absy (1994) and Van der Hammen (1974} estimate that precipi-
tation during the LGM must have been about 500 to 1.000 mm/a to sustain a natural grass
savannah or 1,000 10 1,500 mm/a for a mixed grass'woodland savannah. They also state that
the rainfall regime was more seasonal with a pralonged dry season. This agrees with predic-
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tions of 750 1o 1500 mm/a for the LGM by global climate models (Kutzbach et al.. 1998).

During the Early Holocene precipitation increased (Markgraf, 1993). Global climate
model {GCM) simulations show that rainfall still was concentrated’in the summer monsoon.
This may explain the persistence of the savannahs during the Early Holocene. Palynological
studies (Van der Hammen and Absy. 1994}, GCM simulations (Kutzbach et al., 1998) and
naoble-gas studies of groundwater in Brazil and New Mexico (Siute et al., §995; Stute and
Bonani; 1995) all show that the average yearly temperalure was about 5 to 6 °C lower than
taday during the LGM, According to (Kutzbach et al., 1998) yearly aclual evapotranspira-
tion wus 15 % lower than today, which leads to a figure of 1300 mm4 in Suriname.

4.2.5. Hvdrology during the LGM

The palevgeographical conditions described in the preceding sections enables us o
define a4 conceptual model of the hydrological processes during the last glacial and the LGM
in particular. In following chapters this concept will be quantified and refined using isotopic
and hydrogeochemical data and simulation models.

Because of the lower and mare seasonal rainfall runofT during the iast glacial has been
sinaller than woday. but also more variable. Neveriheless, the Saramacca and Suriname
rivers. wilb their large catchments. would still have had a substantial base flow during the
cntire year. Water levels of these rivers were probably not much higher than the base of the
incised palecchannels.

In the savannah belt. runoff processes during the last glacial were not much differem
from loday. though recharge must have been lower and the smaller creeks probably had a
more ephemerz) character. Despite the large uncertainties in the paleoclimate, we may con-
clude that in the savannah belt recharge to the Tertiary aguifers was lower than 200 mm/a
during the LGM, which is much less that the present amount of 500 mm/a {Section 3.5.1.).

Estimating recharge in the coastal plain is more difficult, as it depends mainly on the
heads in the Zanderij aquifer below the Quaternary clays (see next section). Conditions on
the Pleisiocene surface in the presenl coastal plain and continental shelf were much different
(up 1o 140 km offshore during the LGM). This surface had a relatively flat sloping primary
wpography and a secondary topography of incised creeks. The interfluvial areas formed clay
plateaus. which are preserved as the “schollen™ landscape in the present Pleistocene coastal
plain (Section 3.3.). Most rainfail on the clay plateaus was drained by overland flow, similar
to what we observe today in the coastal plain. Most likely. the incised creeks between the
plateaus only carried water during the monsoon season. Because of the low permeability of
Ibe subsoil and the low drainage density. base flows were very low. If there were any seepa-
e into the creek valleys. it would have been entirely consumed by the vegetation in the gal-
lery forests in the valleys. This situation can now be observed in some regions in West and
South Africa with litle rainfall or a strong seasonality in rainfail. On the flat clay plateaus
marshy conditions must have existed during the summer monsoon, with phreaic groundwa-
ter levels close ta the surface. Groundwater heads in the Pliocene sands below the clays
mus! have been much lower, as they were controlled by the water levels of the South-North
running Suriname and Saramacca rivers, which were deeply incised into the Pliocene
Zanderij formation. The relatively low heads induced downward seepage and recharge to the
Tertiary aquifers (Figure 4.3). This recharge, though small per unit surface area, acted on the
entire coastal plain and continental shelf and may have been greater than the recharge in the

Last glacial maximum (arcund 15 ka BP)

Savannsh

Figure 4.3 Present and palechydrological conditions on the surface and in the Quaternary clays.

Zanderij aquifer outcrop. The recharge and the resulting flow systems in the Tertiary aqui-
fers were halted by the encroaching sea in the Holocene, but probably persisted in the pres-
ent coastal plain to 9 ka or even 7 ka BP. In this period the sea intruded the paleochanneis of
the Suriname and Saramacca rivers and the grass and shrub savannahs disappeared
{Markgraf, 1993). River erosion may even have increased during the Early Holacene, as
rainfall increased, while retaining its strong seasonality (Markgraf, 1993; Kutzbach et al.,
1998).

The next section deals with the questian. whether this hypothesized recharge mecha-
nism and the resulting flow systems were sufficient to flush all brackish and saline ground-

water from the Tertiary sediments up to the outer part of the continental shelf during the last -
glacial.

4.3. Paleohydrological modeling

4.3.1. Inrroduction

The hypothesis from the preceding section - i.e. that flow systems related to the pri-
mary and secondary erosion topography of the Pleistocene surface were responsible for the
formation of onshore and offshore paleogroundwater in Suriname - has been verified with a



numerical groundwater model, For this pur-
pose, Tirst a steady-state groundwater model of
the sub-recent stualion was construcled
1Madel Ay and calibrated with groundwaler
heuds [rom this period. Next, i non-steady-
state model wis made [or the present (199()
sitwation (Maodel By, and calibrated with pres-
ent groundwater heads. Finally. the model wirs
adapred o the puleohvdrodogical situation
Juring the LGM (Madels C and D). This pale-
omadeling sty bas been reported in greiter
detail in Groen e al. (2000h),

H.3.20 Recent and sub-reeent modelling

For the groundwiter simulations. @ model
Tor the Paramaribo coastal plain was construe-
ted hased on the MICROFEM cuade (Diodato,
1997). The MICROFEM code is 4 [inite ele-
ment cade lor simubion ol guasi three-dimen-
sional, non-stationars groundwater Mow in a
syatem of aquilers separated by semi-perme:-
ble Tavers. For the construction of this model.
earlier groundwater moedelling studies ol the
Pliocene und Miovene aguifers {(IWACO/FR.
Harris, 19914 and the Olicocene aguiler
tHutchinson. 1990) have been consulted. The
madel comprises the folowing live aquifers
tFigures 3 4 and 3.5x (i) Zanderij (Pliocene),
Gi) Upper Coesewijne (Miocene). (i) Lower
Cuoesewijne (Miogene). (iv) Bumnside
(Qligacene) and (v) Saramacea (Eocene and
Paleacene). The first version of this eroundwa-
ter model was mile by Post (1996). The
midelled area is shown in Figure 4.4,

A large modetling area was chosen to
uccaunt for the targe leakage Faclor caused by
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Figure 4.4.
Bounduries of numerical groundwater models.

the high hydraulic resistanees of the clay lavers. The southern border ix a no-flow boundary
coinciding with the basement oulcrops south of the savannah belt. Also the western and
caslen boundaries are no-flow boundaries. which are assumed 1o follow the general South-
North flow paths. The northern houndary of the models simulating recent (1990) and sub-
recent {1957} conditions. model B and A respectively. is located 40 km ofishore in the
Adlantic Ocean and contains fixed fresh-water heads in all aquifers. In the coastal piain and
offshore. fixed heads were assigned to the nodes of a top system: in the coastal plain they
represent the level of phreatic groundwalter in the Quatemary clays: offshore the heads cor-
respond to fresh-water heads. calculated fraom the offshore wedge of seawater and saline
groundwater. These heads are generaltly +1 1a +2 m except for the elevated Lelydorp sand

M

barriers, where heads of +4 m are mamiai-
ned. For the outcrop of the Pliocene
Zanderij aquifer in the savannah belt. o
fixed recharge of 300 mmv/a is imposed on
ihe nodes. Model A (1957 siluation) was
run in steady-state and calibrated with the
data {rom the 1950-1957 period. Then the
non-steady-state run was made by introdu-
cing the various abstractions in the period
between 1938 and 1990. The finad sitwation
in 1990 (muodel B) was calibrated with
heads measured in the periud 1987-1990.
The procedure wis repeined several times
until « reasonable it wus reached. The ave-
ruge dilference between measured and cal-
culated heads in the Zunderij and
Coesewijne aguifers for the 1990 situation
was 0.49 m and equal 1o the modelling,
siudy of IWACO/F.R. Harris (1991).
Comparing measured and calculated heuds
Tor the Burnside aguiter was more difficul
beeause most observations were done within
the cones of depressions around the pumping

4 \
Madel C / \
0 W wm| / \
— TN/ _ \
Y
! LT A
—— / AY
’ \\ !/ A\
4 ,-40 / \
7 AL ~ \
—_—— - hY
-~ ~ —
Va Y -, . \\
/  Paicochannes YPErEMArivo
V' Samamacca Ruwve e Pansoctanno! p
—_—— .S'Jrﬂnaﬂe J?‘ff
. ~ AL - -20. - ..—/ ~.
- Lelydorp o ]
- =T n
- -0 L NN TAH
v - l 1
- ———
ry
Ny :
[/ Savannah
S
: b

Figure 4.5. Simulaed heads in the Zanderij
aguifer during the LGM

station. DifTerences varied from 0.25 to 2.00 m just as in the swudy of Hutchinson (19901, In
Figure 4.5 groundwater heads in the Zunderij and Burnside aquifer are shown calculated by

model A {1957 AD) and model B (1990 AD). The conour maps show that groundwater [low
in the eoastal plain in 1990 is completely conralled by groundwater extructions. white befo-

e 1958 almost stagnant conditions prevailed.

4.3.3. Modelling the paleahydrology of the Late Glacial Maxinun

In order to study the groundwater flow systems during the LGM and the role of the
erosional relief. paleohydrological models (model C und D} were constructed on the basis ol
model A, These models have only experimental value as the offshare permeability distribu-
ton is largely unknown apart from a general trend of decreasing permeabilities as sediments
becomes finer towards the North. During the LGM the coustline was located close to the
shelf break. 140 km north of the present coasline {Fieure 4.4). Therefore. the northern
boundary of the models was extended 1o the shelf break. where no-flow conditions were

imposed in all aquifers.

in mode! C. fixed heads along the Suriname and Saramacca Rivers were sel equal (o
the bottom of the paleochannels. which grades from the present river bottom at the edge of
the crystalline basement in the south to a depih of 30 m relative 1o the Pleisiocene surface at
Paramanibo and finatly w0 an assumed depth of 15 m below the Pleistocene surface (seafloor)
at the shelf break. Recharge on the Zanderij outerap (present savannah beft) was lowered
from 500 to 200 mmva (see Section 2.5.). In model C the top system in the coastal plain was
turned into a phreatic system with fixed recharge. Also. a drainage level of 10 m below the
Pleistocene surfice (depth of the creeks) and a drainage resistance of 5 10% days were assig-



ned o all nodes. The druinage resisiunce, caleulueed hy reliions given by De Vries (1974)
15 quite h.i-__rh hecause ol the tow permeahility of the clays and the large spacing of the creel
K. By rial und crror, the recharge rates on the constal plain were varied uniil ;roundu.'aler
lesels were close 1o the Pleisiocene surface, This was hased on the assumplio:lhal marshy
comditions prevailed on the Mt and badly drained clay plueaus. For verification a second
p:llcnhl\‘dl'nlngicul model (model D) was made without incised paleochannels in order 10
i estizate the effect of the erosional relief. 1n 1his casc
asstgned lixed heads equal o the Pleistocene surface.

QY

- all modes on the coasial plain were

P
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Snnul;uium with madel C showed 1hat infiltration oceurs everywhere on the clay pla-
teatls in the Pletstocene coastal plain. Recharge varies between 44 and 56 mm. Because of
\hc‘high drainage resistance vnly a small part < 2 % aof this anvount exfilraes in 1he.
e ereehs on Uie clay platcaus. Most part of the infilrated eroundwater seeps downward
w the underlying Pliocene Zanderij aquifer. This aguiler is drui;led by 1he deeply incised
Surtnume and Sarumacca rivers, as is shown in Figure 4.5. This flow sysiem is éulledla seu-
uud.z\ry flow systent as it is conwrolled hy the secondary lopography cregied hy erasion olf the
majur Surinumc and Saramacea rivers. Heads in the deeper aguifers are less controlled by
the mujor rivers and indicate a4 maore regional pattern with recharge on the clay plateaus in
1I?c southern part of coastal plain (present coustal plain and southern part of the shelf) and
Ll|§ch;1rgc in the floodplains of the Saramacca and Suriname rivers ia the non
ol the shell), In Figure 4.6 groundwaler age zones in the aguifers

e
o
1.1 44

Sy

th {northern part
| are presented. Note tha
ll'lL‘.\L.‘ tges refer Lo e elapsed afier recharge. In the upper Zanderij aquifer groundwaier is
relatively voung (< G.5 ka) throughout the coastal plain, because of the rupidceirculation in.
the secondary flow svstems. Clearly, saline groundwaner in the domain of these sceondary
flow systems could have heen flushed entirely. cven in the outer part of the shelf, which was
uxp_m.:d only during the LGM. The deeper aquilers belong 10 the domiin of ibe primary ana
regionad fow system. In this domain groundwater ages vary {rom a few hundred years in the
seuthern & 20 ki in the northern and outer part of the shelf. This implies that saline u‘rater in
the primary flow demain could not have been flushed from the ouier parl of the shelf

. v mudel D. wilhout the erosion wpography. only a primary groundwaler flow system
exisls. Recharge oceurs in the southemn pact of the exposed shell. up to 25 km offshore‘ from
the present coust. Upward seepage dominates in the outer pan af ihe shelf. Groundwater
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Figure 4.6. Groundwater ages calculated by paleohydrological models C and D.
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recharge varies from 5 1o |3 mm/a in the zone coinciding with the present Holocenc coastal
plain and 20 1o 50 mm/a in the present Pleisiocene coastal pluin. Highest values are found in
the zone between Rijsdijk Road 1o Republiek, where the Pleistocenc clay layer (Caropina
Formution) is relatively thin, Groundwater ages in the deep agquifers ure aboul equal ta those
in model C. Onty in the outer northern part of the shelf. ages are higher than in model C.
According 1o model D saline groundwaner could non have heen flushed from the outer part
ol the shelf.

4.4. Discussion and conelusians

The stagnant bady of fresh and moderately brackish groundwaler, extending from the
coastal plain 1o more 1an 90 km offshore. cannot have been produced by the present low
systems (Chapter 3). This paleogroundwater has been formed hy diflerent groundwater Now
s¥stems during the Wisconsinan regression (113 ka to 12 ka BP). During this period sea
level was much lower and large pans of the eontinental shelves were eaposed. During the
LGM (25 10 15 ka BP) sea level dropped more than 100 m with respect (o the present level.
In thas peried the coustling was jocaled 140 km further north. Climaie was colder (5 ©C dil-
ference). dryer (50 &) and had a more scasonal rainfall patiers (boreal summer monsoon).
Gruss and shrub savannahs covered the Pleistocene sutface. Rivers and creeks eroded the
surface and created a landscape of clay plateaus and incised valleys (1o 30 m decp),
Perennial runoff only occurred in the large Suriname and Sarwmacca rivers. Because of the
incised rivers groundwater heads in the Zanderij aquifers were much lower than oday.
which indueed widespread recharge. The larger recharge and the crosion reliel creuied sec-
ondary flow sysiems superposed on a primary and regional flow sysiem (Figure 3.7).
Palechydrological groundwater models showed that the primary flow sysiem could not have
led 1o freshening of the outer part of the shelf within the short periad of the LGM. Only the
residence times in the secondary {low systems were short enough to allow several flushings
of the upper aquifers. The conclusion is that during the Wisconsinan regression secondary
Mow sysiems exisied. relaed 10 an erosien wpopgraphy. which is now obseured by
Holocene sediments, These systems played an essenual role in (reshening the upper Tertiary
sediments,

Paleohydrologica! modeling. using these quasi-3D hydraulic groundwater models, is
useful for qualitative interpretation and the creation of conceptual ideas. as described above.
In the first place. there are too many unknown hydrogeological parameters. especially in the
offshore zone. for a realistic simulation. In the second place. the applied code is not suitable
10 study the actual process of freshening. as it does not take into account solute transport and
variable-density flow. I would be inleresting o use variable-density Mow codes. like the onc
presented in the last chapter. to study the dynamics of freshening on large tcmporal and spa-
tial scales.
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Chapter 5.

Salinization of the coastal and offshore sediments during the
Holocene transgression: a study of diffusive solute transport

5.1 Introduction

in the coastal and offshore Tertiary sediments ol Suriname a large slagnant body of
fresh 1o mederately brackish groundwater is presem (Chapter 2: Figure 3.5). 1t was motiva-
ted in Chapier 3 that this groundwater was formed hy extinet {low svstems. that were active
during the Wisconsinan regression. This incleoric groundwater is, therefore, denoted as pule-
ogroundwater according to the definition propased in Scction 2.4, Pristine groundwaler {sec-
nor 211 with chlorinities less than 50 mg/l occurs only in the present recharge areas of the
savannah helt and the Lelydorp sands (Figure 3.5: Scetions 3.6.2. and 3.6.3.). The remaining
and major purt of metcoric groundwater in the Tertiary formations. the actual paleoground-
water. is more mincralised with chlorinitics up 10 2.000 my/l (Figures 3.5 und 3.8), though
originally. the ¢chloride content of this groundwater must have been lower and comparable 10
present pristine groundwaler, it is most likely that salinization of the paleogroundwater start-
cd after the marine submersion of the shelf during the Holocene. In this chapier we will
have a closer look at the salinization process, which is related to horizontal advection or ver-
tical transport from the overlying and underlying saline sediments (Figure 3.5 and 3.8).

Horizonlat advection wkes place. when the shoreline advances landward during a trans-
gression and the fresh/saline interface maves along with i1 driven hy density differences in
groundwaler. Meisler ef al.. (1984) swdied the dynamics of a fresh/saline interface in a con-
fined aquifer 90 km offshore from New Jersey (Hathaway et al.. 1979). where conditions are
comparable to those i Suriname. Using a numerical groundwater model. they found out thal
the interface there is moving landward with a speed of 0.03 m/a under infiuencc of the
Holoeene wransgression. Essaid (1990) carried oul a similar study in Momerey Bay.
California and reporicd values of (.05 10 0.2 m/a. On the other hand sheorelines migrated
landward with a speed varying between 3 and |80 mv/a during this time. based on rates of
sea level rise of 10 to 30 mava (Cronin. 1983) and shelf slopes of 1/6000 10 1/300.
Comparison of thesc figures shows that the resh/saline interface in groundwater lags behind
the advancing Holocene shorelines and that salinization of former meleoric groundwater is
miainly the resuelt of vertical transport. This applies 10 Suriname but is probably of more
ceneral significance. as will be discussed in chapier 10.

Salinization by vertical salt transport may take place as convective density-driven {low.
Under cenain critical conditions. densily currents. in the form of downward protruding fin-
gers of saline water. arise in groundwater with an inverse density stratifieation (Wooding et
al.. 1997a. 1997b). In this case. the reverse stratification relates to saline groundwater, depo-
sited by the encroaching sea, on top of fresh groundwater. Van der Molen (1958, 1989} and
Gieske (1991) believe that convective density flows may have been responsible for the rapid
salinization of the mainly sandy formations in the coastal plain of the Netherlands. They cal-
eulated the approximate velocity of dewnward moving fingers of saline water and concluded
that in a period of less than 200 years mere than 200 m of sandy sediments could have been
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become brackish or saline. The fact that palecgroundwaner is sl well preserved in the
Suriname casc. s #n indication thut this process has not played an importani role. This will
be substantiated funher in Section 3.3.4.

In the absence of convective density currents, slow downward diffuston of salis after the
Holocene trunsgression becomes the dominam salinmization process of the paleogroundwaters
in the upper Quuternary and Tertiary formations. Below a cenain point brackish groundwa-
ler may contain salts from a much earlier marine transgression. This zone is part of the dis-
persive lransition layer existing before the Holocene ransgression. Upward diffusion from
thix zone is not considered here as it proceeds much slower than downward diffusion: con-
centration gradients in the deep dispersive transition layer are a lot smaller than those in the
sharp trunsition layer above the paleogroundwater. created after the transgression.

A new dilTusion-sedimentation model is devcloped for this case; subsequently, chloride
concentrations and isotope rutios, simulated with the model. are eompared with observa-
tins. - ‘

This'chup_lclr_is based on an eartier published article by Groen et al.. (2000a).

P

a

For lfl]lh sfudy numerous chleride anatyses of groundwater samples from exising wells.
geoclettrical sounclings und geophysical logs of oil wells were available (Velstra, [966).
These Tormed the basis of the chiorinity patterns displayed in Figures 3.5 und 3.8. Chlorine-
isolope talios were determined for 16 samples from existing wells.

Al Lwo Siles on ihe coastal plain. clay samples bave been recovered from Holocene and
underlyirii, Pleistocene clays in order 1o siudy shallow salinity gradients, The sites al
Koewarasitn and Tourtonae are located near Parumaribo, about 20 and 3 km from the coasi-
line. respectively (Figure 3,12 Annex 11}, Drilling was carried out aceording to the Ackerman
method: boréholes were drilled with normal cable tool technique. while at certain depths
cores were recovered by pushing a stiinless cusing into the borehole bottorn (45 cm length
and 6.5 ¢m diameter). The drilling logs are shown in Figore 5.1, Some shells und peat pani-
cles were dated 'with 13C analyses (Figure 5.1). The upper 5.5 m at Koewarasan consist of
arey, plastic clay and is of Holocene age. The underlying Pleistocene clays ave very stiff and
show distinct red. yellow and olive-green mottling. According 1 Veen (1970). the
Pleistocene clays have been deposited during the Sangamonian transgression (130 ka o 115
ka BP). ALthe final depth of 19 m fine sand was found. At Tourienne. only very plastic,
grev-blue Holpcene clay was encountered down 10 the final depth of 25 m. In both drillings.
shell layers were found between 4 and 5 m.

Pore waler was squeezed from 22 clay samples (9 from Koewarasan and i3 from
Tounonne) and was analysed on chloride and all major ions {Velstra, 1997). Chlorine-isoto-
pe raties were measured on 9 pore water samples (3 from Koewarasan and 6 from
Tourtanne). Isotope measurements were carried ow according Lo analytical procedures des-
cribed by Eggenkamp {1994}, The chlorine isotopic ratios YR (ratio of rare isotope **Cl to
abundam isotope ¥C) are reporied as dilferences in % from Standard Mean Ocean
Chloride {SMOC):

1 37
avct= ——R’w;_ Rawoe 4000 {5.1)

a1
SMOT

All water samples [rom core drilings and wells were anabysed iwice. The average diffe-

rence between each pair of §Cl-analyses (n= 24) was 0.07 % with standard deviation 0.07
%e. -
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£.3. Solute transport and fractionation
530 Downward convective solute ransport

The critical conditions. under which convective density eurrents arise in groundwaler
with a reverse and linear density straification, are attained when the Raleigh number. Ra
exceeds 472 (Paschke and Hoopes. 19841 Schincariol and Schwartz, 1990, with:

_(Ap)ekH

(5.2}
ubD

Ru

-

where Ap is the density difierence hetween top and hotiom of the sediment layer (kg/m*). g
the acceleration due 1o gravity (m/s2). g the dynamic viscosity (Pas). K the mtrinsic permei
bility of the sediment tm2), B the thickness of the sediment layer (m}and D, the effective
diftusivn coelficient (m3¥s). Permeahbility, density difTerence and thickness are the determi-
ning factors in the Rayleigh number, As g (=10, g (=10) and D, (=10-") do not vary much
and . the hydraulic conductivity in m/day. is equal 10 kpg/L (pgt = 10:7), Ey. 5.2 can be
simplified to:

Ra=1¥ Ap JkH (5.3

Eq. 5.3 has been applied 10 the Quaternary clays of Suriname witb 2 hydraulic canducti-
vity Tess than 10~ miday. a thickness larger than 20 m and a maximum density difference of
25 ke/m* between seawater and fresh water. This results in Rayleigh numbers far less than
the eritical value of 4%2. indicating that diffusion is the dowminating process in the
Quatermary cloys.

S22 Diffuxion

Diffusion of molecules in 4 liquid is a mass transport process due lo random thermal
(Browniin) motion of the molecules. Fick's first law describes the diffusion process as:

dc 4
F=-D, > (5.4)
where F is the fiux of molecules tmolis/m?). C the concentration of molecules (mal/m?*) and

D, the diffusion coefficient in water (m?/s}. Combining Fick’s first law with the law ol con-
servation of mass vields Fiek's second law:

_p 2¢ (5.5)

The equation can be solved for various boundary conditions. The most appropriate case
is a semi-infinite porous medivm filled with waier with concentration Cp. which at the finite
end is suddenly exposed to a solution with a constam concentration, C,. With boundary con-
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ditions: C,,=Cyforz>0uandr=0; C.,=Cylorz=cc andy20and C,, = C forz =0
and r 2 0. the following analytical expression can be derived {Carslaw and Jaeger. 1959):

C., =C,+(C,-C, ;errc[ - (5.6)

2D+
Note that D

o 15 Teplaced by D the effective diffusion cacflicient in 4 porous medium
(see below). i advective groundwater flow ulso contributes 1o mass transport, Equation (5.5)
ts expanded with a Oow 1erm ta:

(5.7}

where v, is the Tow velocity of water.

For the case of a fluid with salt concentraton C, emering a semi-infinite porous n
um wilh water of salt concentration Cyat a Oow velocity v.. Eq. 5.7 ¢an be solved wi

same houndary conditions as for Eq. 5.5. Ogata and Banks (1961) found the loliow)
Iytical expression:

. {(C.-C,) -t v.z I+t
C., =C,+—— erft +exp —~— rfi
S 2 {ZFD,:] ¢ F{D,]B ’[22]0,;

5.3.3. Diffusien coefficients

derived the following relationship for uncharged molecules, like gases:

_3.595-10°T

q ,LUH‘_'“ (59

D

where 7 = temperature (K). u = dynamic viscosily (Pas [1.002 x 10-})) and m, = molecular
miss (g/mol) Tor a certain solute,

According 1o Gratwohl (1998) this equation works also well for non-dissociated organic
substances. However. for charged ions this relation does not apply. because the ions cannot
diffuse in isolation: electrosiatic forces mutually influence the mobility of the jons. The
result of 1his complicated coupled diffusion process is that differences in diffusion coeffi-
cients are much smaller than expected fram their molecular weight. Expertments show that
diffusion coefficients of the major ions in water vary from | x 10910 2 x 109 m¥s at 25 °C,
Robinson and Stokes (1965} and Li and Gregory (1974) report a value of 1.2 x 10 m¥/s for
seawater diffusing into distilled water: the self-diffusion coefficient of water molecules is
2.7 x 10% m¥s (Wang et al., 1953).

Diffusion in pore water of saturated sediments is slowed down by obstruction of the
grains and by the tortuosity of the paie channels. Various empirical relations have been def-
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ined between the effective dilfusion voefficient (D,) and wexiural properties such as the
effective transport-trough porosity (part of porosity acting as transport channels ], tortuosity
of the pore channels and pore constrictivily (Grathwohl, 1998). In practice. these paramelers

are unknown and only the bulk porosity () ol sediments is determined. Most authors use
the empirical relation:

D =D " (5.1

Field and laboratory swdies yicld a wide variation of values ol #r. which also seem 1o
be o function of porosity. In shales and compacled clays  is relatively high, Remendz et al.
(1996 investigated dilfusion of 8'30) in a clay-rich till and lound a value of about 0.1 for the
ratio D /D, which corresponds e about m = 2 with clay porosities varying between 0.3
and .35, Leoman £19791 in Ranganathan and Hanor (1987) found values of 2.5 to 54 for
shades. For vaunger. less consolidated clays and sands, 21 i closer W | (Appelo and Postma.
1993).

Swdies by Pesuulniers et al. (1981). Beekman (1991). Volker and Van der Molen
{1991 und Eggenkamp et al. (1994) resubted in values for D, varying from 5 x 101010 13 x
10 " m¥s, As the conditions of these studies are comparable 10 those reporled here, diftu-
stan eaellicients are expecied W full in the same rnge.

A3 Fractionation of chlorine-ismtopes by diffusive transport

Chloride ions are chermically inert in underground environmenls and are therefore the
wost approprizle ions for studying diffusion processes. Meusuring chlorine-isotopes YC1 and
0T arves valuahle extra information. as diftusive transport creates Iractionation of concen-
rations. The dilterence in alomic mass of the isotopes brings about differcneces in mobility
und diffusion coelTicients (Eq. 5.9). The heavier isotope is slower and therefore the solution
hecoraes relalively depleted in heavy isotopes at the diffusion front and relatively enriched
near the source. The rutio of elfective diffusion coefficients for both isotopes is equal Lo the
fracionmion facror. o
D, .

iz =

(5.1
!

This lactor cannot be derived theoretically as {or gases. because hydration of chloride
ions in 1he solution moderates the effcet of 1he mass difference between the two chloride
isotopes. Fractionation factors derived from isolope measurements in comparable environ-
menty - shallow sediments affected by recen! transgressions and regressians - vary from
L.OG12 wo 1.0030 (Desaulniers et al.. 19812 Beekman. 1991: Eggenkamp et al.. 1994).

Fractionation of chlorine-isolopes as a result of diffusion can be simulated by separately
calculating the **Cl and ¥C| concentrations using Eq. 3.8 or 5.13. Initial concentrations are
based on the chloride concentrations and the chlorine-isotope ratios (*'R) of seawater and

fresh groundwater. For the present study. the 7R of these waters were eonsidered 10 be equal
10 2 YRguoc of 0.31978 (Eggenkamp. 1994).

3.3.5. Diffusion-sedimenterion model simulating tronsgression follwed by regression

The downward diffusion process in the Suriname coastal plain is more complicaed than
the simple analytical modet of Eq. 5.8. Firsily. exposure o the sca was lemporary and,
secondly. marine sedimentation took place during the transgressive phasc. Eggenkamp
(1994) found a solulion tor the sedimentation problem by lening the origin (5 = 0) move
along with the rising sea floor during sedimentation and regarding the salinization process as
u downward flow ol sult water in the underlying sediments with diffusion at the salt front. If
sedimentation is constant, Eq. 5.8 is valid with v. equal @ the sedimemation rate. However.
the wransgressive phase und the sedimentation ire ol finite duration and are followed by a
regressive phase und exposure o (resh water at the wop. Beekman (1991} used a finie diffe-
rence scheme Lo sinulale these conditions. Here another solution is proposed. analogous (o
thay far the heut-Tow problem described by Carslaw and Jaeger (1959, p. 58). In order 10

apply this salution the semi-infinite concentration profile at the start of the regression is
miadc infinite using:

C—:.f, = 2C,'rul: - C:," {5.1 2)

whese /.15 the ime elapsed between Haolacene transgression and regression. C, |, is the chlo-
ride concentrution aceording 1o Eq. 5.8 and C,,.,, is the ehloride concentration of fresh
groundwater at the surface. C .., is the imaginary chloride profile extending infinitely
upward from the surface. The evolution of the subsurface part (= 2 0) of this infinile profile
according 10 the diffusion equation is exactly the same as the evolution of the semi-infinile
profile with boundary condition Cp,, = Cy,,,.. After the regression {1 = +,) the cvolution of the
chloride content until present can be determined by convolulion of the initial profile (at the
start of the regression) with Green's function. The convolution imegral has the following
form:

- e Y a =¥
1 A0, 00,
Je

Je., e ™ s jec,.-c.

0 —

o . dz (5.1

To2m D,

where 1, is elapsed time between the Holocene regression and the present.

A straightforward analvtical expression does not exist for this equation. The function
has 1o be made discrete by calculating a large number (V) of concentrations ai certain depths
with spacing Az, belorc the convolution is applied. Because the integration has (o be carried
between cerlain limits along 2. NAz must be large enough to include the area of influence of
the diffusion process. The calculations were performed using the mathematical MATLAB
computation program (The Math Works Inc.. Natich. USA): aceuracy was tested by varying
the spacing and N. Results indicated thas the final eoncentration values did not change for
Az < 0.25 m nor for N > 600.

Applying Eq. 5.8 and 5.13 in the acwal field sitwation is only valid if the aquifers and
the Pleistocene clays contained pristine meteoric water (C.,= C, for - > 0 and 7 = 0) at the
onset of the Holocene transgression. The Pleistocene clays from the Sangamonian transgres-
sion contained seawaler. However. it can be readily shown with a simple diffusion model
that during 100 ka of the Wisconsinan regression all salts from the Sangamonian transgres-
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sion have diflused out of the clays to the phreatic surface and o 1he fresh underlying aqui-
lers. Further evidence is given by Levell and Quakernaut {1968). who reporied dilute pore
wler in the Pleistacene clays in the southern part of the coastal plain, Freshening ol the
clavs during the Wisconsinan regression wits probably enhunced by downward seepage,
induced hy the deeply incised rivers and crecks (Chapier 3).

5.4, Results
S Devwnwerd diffusion

Quaiernary claxs
bn the ahsenee of convective density Row., discussed in Section 3.3, 1. the dilfusion-sedi-
mentation model can be applied 10 the Quaternary clays. Figure 5.2 displays depth profiles
ol chiuride concentrations und the 37C1 values far pore water from the clay cores al
Kovwarasan and Tourlonne, Maximum concentrations are about 2,000 mg/l (or 85 mmol/l)
at Koewarasan and L8000 mgfl tor 500 mmol/l) al Touronne. Towards the top and botiom
ol the clay Tormations, water becomes fresher. The high salinity at Tourionne marks a recent
retreal of the sca at 1his site. Koewarasan has experienced a longer period of freshening.
87700 values deviate from the SMOC value (0 %.). indicating a diffusion elfect in the pro-
cess of [reshening. The 87CT values a1 Tourtonne decrcase down profile from positive 1o
negative, This indicates downward dilfusion with isolopic enrichment at the peak coneentra-
vans and depletion closer o be diffusion frant. The §37CL values a1 Koewarasan, where only
three analyses have héen carried out, are distinctly more posilive. Apparently a longer period
of dilusion has resulted in a relatively targe enrichment throughous the entire clay layer.

1t would be impossibic 10 calibrate all parameiers of the diffusion model (Eq. 5.8 and
5,131 with the analyses of chloride contents and chlorine-isolope ratios. However. for some
parameters reliable assunpions ean be made. The time of transgression can be derived from
local sear fevel curves {Brinkman and Pons, 1968 Roeleveld and Van Loon. 1979).
Transgression at Koewarasan and Tourtonne is estimated at 6 ka BP and 10 ka BP. respecti-
vely. This time is equal (o the sum of 1, and 1, in By, 5.13. Holocene sedimentation rates (v
al Koewarasan and Tourtonne have been derived from MC dates of shells and organic mate-
riat in ihe clays (Figure 5.1) the rates ace 2.9 and 2.6 mm/year respectively. The chloride
concentrations of fresh metcoric groundwater before the transgression (Cpand C... ) and at
the surface alier the wransgression (Cp,.,) are 25 mg/l or 0,7 mmol/l. This value is the avera-
se concemration of groundwater in the Teniary lormations below the recharge area of the
Lelydorp sunds. Seawater chlonde concentration is assumed to be 20,000 mg/l or 566
mmol/l (Appelo and Postma. 1993). The isotopic ratio of seawater chloride (YRgy ¢ is
equal 10 0.31978 (Egzenkamp. 1994). We may assume thal in coastal areas. like Suriname.
chlonde in rainfatl and in fresh meteoric groundwater is of marine origin (Appelo and
Postina. 1993: Drever. 1997}. Evapontic rocks. which may release chbloride. do not occur in
this area. Morcover. Krook {1979) states that only the most stable silicates in the Teriary
sediments of Suriname have survived intensive weathering, Consequently. fresh meteoric
2roundwater must have the same isotopic chlorine ratio as seawater, which is expressed as

&VCl is equal 10 O %c. With the assumptions on concentrations and isolopic ratios. the initial
concenirations of 33CI and *C} are known,
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Figure 5.2. Measured and simulaled chloride conceatrations and (I values of pore water frcfm
the Quatemary clays ot Koewarasan and Tourtonne, Curve fitting resulted in an optimum cf_fr:cuve
diffusion coefficient and chlorine-isotope fractionation of 7 x 100 m¥s and 1.0027. respectively.
With curve fitting, regression a1 Koewarasan and Touronne was dated at 4.1 ka BP f.ll'ld 0.5 ka BP
respectively. leading to sedimentatior. rates of 2.9 mm/year and 1.6 mm/year res_pcchvely. The
assumed Lransgression at both sites a1 6 ka and 10 ka BP, respectively, was previously based an
1C-analyses.
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Three unknown parameters wre lefit in the diffusion model: 1, = period beiween regres-
sion and present (1, + 1, is known). D, = effective diffusion eoeflicicnt of the abundant #*Cl
isolape: & = [ractionation factar hetween the **Cl and FCY isotopes. The model parameters
0 and o were optimised by trial and error unsil the calculated profiles of the chloride con-
centration and $Y7CL fiited the laboratory measurements (Figure 3.2). As an cxXira constraint
1o this procedure, values for 2, and o for bath siles were set eyual 10 ensure the reproducibi-
lity of the ussumed diffusion process. For D, a value of 7 x 10-1"m?/s was found. which lics
within the range of values reporied above. The same holds true for the value of 1.0027
found lor & The resulting regression dises are 4.1 ka BP and 0.5 ka BP lor Keewurasun and
Tourtonne respectively.

Figure 5.2 displays the seusitivity of the medel for variations in parameters values,
Parameler ¢ in each subligure represents the optimised value. 1t is inleresting o note that the
madelled $37C1 au Koewarasan is not very scensitive 1o viriation of the regression date. This
is because the ratio of the iransgressive period 10 the regressive period does not differ much
within the range ol regression dues. At Tourtonne regression took place anly a few hundred
years ago, Therelore. varying the regression date with the same order of magniwde has more
cffect al this site. [t goes without saving that variation ol the fraetionation Tacloer has no visi-
ble elfect on the wtal chloride concentration.

Given the maximum values for the density dilference ol pare water in the clays (3
kghmty, the hydrautic conductivities (4 x 10~ m/day) and the thickness (30 m) of the
Quaternary clays. the Ravleigh numhber caleulsed with Eg. 5.2 appears to be smaller than }.
This is well bulow the siabilily criierion of 4x2 and. therefore. we may conclude that con-
vective density ows will not occur.

Ternary Jormaitions

Figure 5.3 shows the simulation results for chloride concentrations and 87Cl values of
groundwater over a areater depth range in the Tertiary formations at Koewarasan and
Tourtonne, Mode! parameters are equal w those described above, Implicitly. it is assumed
that also in these formations diffusion controls sale transpor. which may no1 be true for the
sand layers. There are no vertiea scries of analyses in the Tertiary formations ai the
Koewurasan and Tourtonne sites. Therefore chloride concentrations from nearhy wells are
shown in Figure 3.3 The chlorine-isotope ratios in Figure 5.3 are from various wells from
all parts of the coaslal plain and cannot be compared with the simulations, Figure 5.3 shows
that the simulated chloride concentrations at both sites decrease rapidly downward, which is
in agreement with the analyses from nearby wells (see also Figures 3.5. 3.8 and 5.4). At
Tourtonne concentrations in nearby wells are lower than predicted by the model. Unlike the
Tourtonne borehole. these wells are probably located outside the paleochannel of the
Suriname River. where transgression and salinization started relatively early.

According 1o the model. the diffusion front has not penetrated deeper than 60 and 90 m
at Koewarasan and Tourtonne, respectively. The diffusion front is arbitrarily defined as the
zone where chloride concentrations have inereased to (wice the average background concen-
tration of 25 mg/l. The thus defined value of 50 ing/l is approximately the concentration at
which groundwater is detectably affected by salinization. Sensitivity analyses usiag the
parameter variation above demonstrate that the depth of the diffusion froni varies with 30 m.

Conspicuous are the modelled negative peaks in 87CI at 50 and 80 m at Koewarasan
and Tourtonne, respectively, just above the diffusion fronts. The fractionation effect normal-
ly increases atong the diffusion path, but decreases again near the diffusion front. Near the
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Figure 5.3. Meusured chloride coneentration and 8"Cl values of groundwaler from Tertiary forma-
tions and values simulated with the diffusion-sedimentation mede) for Koewarasan and Founonne,

front, chloride concentrations are low and the isotopic composition is dominated by the
composition of the initial fresh groundwater. Sensitivity analyses show that the magnilude of
the peaks varies between -5 and ~12 % and depands mainly on the fractionation factor. The
depth of the peaks depends on the diffusion coef{icient and varies within a range of 30 m
around the depths stated above. Also, the initial chloride concentration is of influence: ifXhe
initial chloride concentration is increased tenfold, the peak reduces to half its value. The
B37C] analyses in Figure 3.3 are [rom wells localed far from each other and with differem
diffusion histories. which does not allow a meaningful comparison with modelled 8C1
values. Yet. the patiern of negative values ranging between —4 and 0 above a depth of -125
m and values between —1.3 and +1.3 below that depth may reflect the simulated 8%Cl peaks.

We expect Lhat. if waler samples from the Tertiary sediments at the (wo sites were obtai-
ned and analysed. it would be difficult 10 repreduce the analyses with the diffusion simula-
tions for several reasons. First of all, tbe model does not account for upward salt transport
from deep saline groundwater. which may be of influence in the fresh and moderately brac-
kish zone below a depth of -40 m. Secondly the assumption of neglizible advective trans-
port. which seems appropriate for the Quaternary clays, may not hold for the Tertiary sands.
Advection may be related 1o regional compaction and density-driven flow as discussed in
section 3 or flow caused by pumping. More importani is the advection caused by free con-
veclive density flows {mixing). which may arise in the Pliocene aquifer if the stabitity crite-
rion of 4xn2 for the Rayleigh number is exceeded (Eq. 5.2. With estimates for density diffe-
rence Ap (0.9 - 3.6 kg/m3). hydraulic conductivity & (10 - 30 m/day) and aquifer thickness H
(15 - 30 m). the Rayleigh number varies between 1,350 and 32.400. This suggests that free
convection is an effective mixing process in the upper Pliocene aquifer. which will reduce
the modelled concentration gradient and the peak of the chlorine-isotope ratio (Figure 5.3).

In the aquifers deeper than 70 m below the surface density differences are probably too
small to create density flows.
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3.4.20 Umward transpori of saline and brackish groumdwarer

The saline groundwater in 1he Cretaceous sediments is not connate. Contact with fresh
meteoric groundwater during long regressive periods in the Late Cretaceous and Oligacene
would have drawn much of the original salt from the sediments by ditfusion. The high con-
centrations found in the lower purt of Cretaceous deposits may be the result of salinization
during later transgressions. As the sediments are not very permeable. salinization by down-
wird diffusive transport requires a prolonged period of marine submersion. suggesting a
Miovene uge Tor this deep suline water, Another explanation is that saline groundwater from
the deep and seaward part of the Guiana basin has migrated upslope and landward.
Noonhoorn van der Kruijff (1970) proposed this mechanism ol compaction-driven tflow o
cxpluin the presence of oil in the Lower Teniury, west of Pacumariho.

The chlarinity profiles in Figure 5.4 indicate an upwurd Nux ol sults from the
Cretiaceous sediments. The Nux, that persisted during a long time in the Neogene. is control-
led by diffusive transport and lateral dispersion. related 1o meteoric groundwater flow in the
Tertiary sediments during regression phuses (Meinardi. 1991). This transport process has
heen going on for i long 1ime during the Neogene and is not only controlled by diffusion.
During periods of low sea level, groundwater flow in the permeahle Tertiary formations
enhanced upward transpon hy lateral dispersion. These meteoric {low ysiems have been
arresied und reactivaled severad limes during the Neogene, Uncertainty on these boundary
conditions makes simulations of upward salt wansport from the Cretaceous sediments less
meaninglul than those of downward trunsport described earlier. Nevenheless. chloride con-
centrations in Figure 5.4 and the 8Y7C1 values in Figure 5.3 in the deeper part of the Tertiary
tormations still permit some qualitative conclusions, Geophysical logs from the castern
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Figure 5.4. Chloride profiles in oil exploration wells based aa geophysical borehole logs.

wells near Paramaribo show a gradual increase in chlorinity from a minimum of 600-800
mg/! al depths between 100 and 200 m 10 almost seawater quality below 500 m. In the
Tambaredjo wells. minimum chloride concentrations attain relatively low values of about
200 mg/l a1 depths berween 200 and 250 m. Below this depth a sharp increase in chloride
concentralion is observed. This seems to be relaled 10 the clay layer above the basal Tertiary
sand layer thal also farms the host rock for the oil of the Tambaredjo field. The presence of
oil implies that the clay must be very impermeable and has protected the lower deposils
against Mushing by meteoric groundwater flow during regressions. Otherwise, the oil would
huve been dispersed and microbiologicully degraded as a result of mixing with meleoric
waler. We believe that the sieep chlorinity gradient below the clay seal reflects upward diffu-
sive transport of salts in stagnant formation water. Eust of the Tambaredjo oil field the clay
i» absent or less continuous, which enabled groundwater flow systems o extend 1o the top of
the Cretaceous sediments during regressions. Meinardi (1991) points out thal in such a silua-
tion lateral dispersion along the interface of fresh and brackish groundwater enhances the
upward solute transport. As a result, larger and more gradual transition zones arc found in
the eastern wells compared o these in the western Tambaredjo wells (Figure 5.4),

Tt is concluded from the simulations of downward diffusion that groundwaner below 4
depth of 10010 125 m could not have been influenced by Holocene salinization.
Nevertheless. groundwater from the Paleogene formations is marked by chlorine-isolope
fractionation: 8¥CI values vary from —1.3 %c 10 +1.3 %, below a depth of ahout -125 m
(Figure 5.3). It is believed that the §¥7CI variations are ingdicative of diffusive processes.
However. 2 more profound interpretation of vertical solute transport in deep groundwater
based cn the available $CI data is impossible, as the values are from different wells
{Figure 5.3). Mareover, borehole logs of these wells were not available.

5.5. Discussion and conclusions

Salinization of sediments with fresh groundwater following a transgression can lake place
through several processes, as depicted in Figure 5.5, In the case of Suriname diffusive trans-
port is the domimani process.

A dilfusion-sedimeniation maodel has been set up that simulates chloride diffusion and
chlorine-isotope lraclionation in sediments that have been exposed 1o marine inundation and
sedimentation during a finite period. The simulated chloride concentrations and &*7Cl-values
were in pood agreement with analyses of pore water from wo sites in the coastal plain.
Values found for the effective groundwater diffusion coelficient of chloride and the fractio-
nation fuctar for the chlorine-isotopes are 7 x 10-'" m*fs and 1.0027, respectively. These
values are supponed by previous studies {(Desaulniers et al,, 1981 Beekman. 1991; Volker
and Van der Malen, 1991; Eggenkamp et al., 1994).

Chloride concentrations and chlorine-isotope ratios, as well as the diffusion model show
that salts from the Holocene transgression have penetrated ta a maximum depth of 100 to
125 m in the underlying Teriiary sediments (Figure 5.3 and 5.4).

The model could even be used as a marker for the marine transgression and regression
during the Holocene at the two sites. Transgression at Tounonne and Koewarasan, located
more intand, took place a1 10 ka and 6 ka BP, respectively. Regression occurred at 0.5 ka BP
and 4.1 ka BP, respectively. These dates are in line with results from earlicr studies in the

Suriname coastal plain based on 1*C-dating (Brinkman and Pons, 1968; Roeleveld and Van
Loon, 1979).
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Figure 5.5, Salinization in oftshore and coastal sediments after a transgression.

Salts below depths of about 125 m belong to the pre-exiting dispersive fresh/saline tran-
siion zone and originate from the Cretaceous. The thickness of this zone depends on the
presencc of impermeable clays at be base of 1he Teriary (Figure 3.8). In the clay layer sea-
iing the Tanbaredjo oil reservoir diffusive ransport dominates, whereas groundwater above
the clay is continually flushed by meteoric flow systems during regressions, In the
Parumariho area the clay is lacking, which allowed more lateral dispersive mixing at the
Tervarv/Cretaceous boundary. resulling in more gradational salinity profiles (Figure 1.8). In
fact. the chioride profile in the upper 250 m may be used as a proxy to delect the presence
of ¢lay seals and perhaps shallow oil reservoirs in the Guiana Basin.

Reconstruction of the upward transpert of saits from the Cretaceous sediments was not
possible due 1o lack of data. In addition, modelling is meaningless as boundary conditions
rclaled 10 the various transgressions and regressions are unknown,

This study and earlier swudies {(Beekman. 1991: Eggenkamp et al., 1994) show that the
approach of combining chloride and 8*7Cl analyses and salt transport modelling is success-
ful in reconstructing paleohydrological events in coastal areas. These techniques may also be
applied 1o study diffusion in low-permeability environments around deep disposal sites of
nuclear waste and landfills.

Fusther work focuses on combination of chlorine-isotope analyses with 2- and 3-dimen-
sienal modelling of waler and solule transport of variable densities.

Chapter 6.

Hydrogeochemical signals of the hydrology and paleohydrolo-
gy in the coastal plain of Suriname

6.1. Introduction

This chapter deals with the ydrochemical composition of groundwater with the objec-
tive 10 pravide new evidence on the hydrology and paleahydrology of the coastal plain of
Suriname, and to substamiule resulis derived at in carlier chaptlers. Altention is given in par-
ticular 10 processes of cation-exchange. This process accompanied freshening during the last
glacial, when the body of stagnam meteoric groundwater in the coustal and offshore Tertiary
sediments was formed {Chapier 4). It also occurred, n a reverse order, during the subse-
quent salimization alter the Holocene transgression. Canon-exchange between soluble and
adsorbed phases is of particular interest. as it provides a signal with a long memery. Cation-
exchange occurs when groundwater with a hydrochemical composition differem from the
residing groundwaler penetrates a formation (Appeto and Postma. 1993}, The exchange pro-
cess for saling waler (dominated by Na*) flowing in a formerty {resh aguifer (with exchan-
gers dominated by Ca®) can be described by:

Na“+4(Co X,)e (Na X)+1,Ca® (6.1

In which X represents the cxchange sites on charged surfaces like clays. The cquilibrium
condition according 10 the Gaines Thomas convention {Appelo and Postma. 1993) is
cxpressed as:

_[Na- X][Ca:‘ 1™

wica = : (6.2)
Aaic IC{J‘*X:]DN Nﬁ'

The coefficient K., is not a true constant, but depends on the salinity of the pore-
water. The selectivity of an exchanger differs Jor various species. but decreases in the follo-
wing order: Ca. Mg. K. NH, to Na. Because exchange reactions are fasl with respect 1o
advective and diffusive transport, continuous chemical equilibrium may be assumed between
dissolved and adsorbed phases. Because of the continuous release of cations from a relative-
ly large poel of adsorbed ions on the exchangers. the cation composition in pore-water at a
particular point requires some time (several flushings) before it assumes the composition at
the source. In the front zone of a water type moving or diffusing into another water type.
exchange effects can be noticed in the cation composition. This has been reported in many
studics dealing with freshening of coastal aquifers (Appelo and Postma, 1993). Due 1o
exchange processes, the front zone of fresh groundwater flushing a saline aquifer is often
enriched in sodium or magnesium with respect lo conservative mixing (based on conserva-
tive traeers like chloride). Calcium, the prineipal cation in fresh water, Is then exehanged for
sodium and magnesiurn, which dominated the exchange complex during the former marine
conditions. Sometimes even a chromatographic pattern of groundwater facies with Na-Cl,
Na-HCO,. Mg-HCO; 1o Ca-HCO, watertypes is observed (Edmunds and Walion, 1983;



Walraevens and Lehbe, 1989: Stuyfzand, 1993 Appelo. 1994). Freshening und the accompa-
nying cation-exchange may take place in young flow systems developed below dunes and
beach bamriers in agerading Halocene plains. Tt can also be observed in much older and often
deep fow sysiems. that have been active during the last glacial or even earlier, bt have not
entirely flushed 1he formations because of low flow velocities. Salinization of formations
resulting from a marinc transgression cvokes the reverse exchange process and leads 1o a
redative surplus ol calcium or magnesium. However, this process is hard 10 recognize in the
field as the large sodium concentrations in the passing saline groundwater resull in rapid
vyuilibrtion helween the dissolved and ahsorbed phases { Appelo and Posuna, 1993). Ca-Cl
and Mg-ClI water types are only observed near relatively recent saline groundwater intru-
stoms near wells (Stuylzand. 1993) and polders {Geirnaert. 1969),

6.2 Data

For the present study hydrochemical analyses have been used from previous studies
(UNDPAVHO, 1972 FWACO. 1983; Ho Len Fai, 1986 Poels, 1987: Planning and Research
Comoration. 1988: Menic, 1990a, 1990b: IWACO/F.R. Harris. 1991) and unpublished analy-
ses of waler supply compunies. In addition analyses were earried out on 95 samples collec-
ted hy the suthar in the period from 1995 1o 1998, Most water samples were tapped from
running production wells ar were pumped from observation wells with centrifugal suetion
pumps or small diameter suhmersible pumps (Annex 11 and 1I1). A special group are Lhc
water samples syueezed from clay samples, retrieved for this study from (wo percussion
drillings {Velstra. 1997) in the Holocene coasial plain at Tourtonne and a1 Koewarasan
(Figure 3.1}, The pereussion drillings have been discussed in more detail in Chapier 4.

Most water samples originate {rom the Quaternary and Tertiary formagions in the coastal
phain around Paramariho. Two groups of analyses from outside the study area {Annex II and
Figure 3.1.) have been analysed as well: these are groundwater analyses from the Paleocene oil
hearing sund laver of the Tainbaredjo oil field. 40 km west of Parumaribo (Ho Len Fat. 1986)
und unalyses of shallow phreatic groundwater from the suvannah belt near Kabo, 60 km south-
west of Zanderij airport (Poels, 1987). The samples from the study area are not evenly distri-
huted aver the various formations. Because, most samples were waken from pumping wells and
ohsenvations wells of water-supply agencies. the sample density is relatively high in the zones
containing fresh groundwater with chloride contents less than 250 mg/1.

The sampling and laboratory procedures of the archived samples are unknown. The
samples taken for this study were analysed in the laboratory of the Vnje Universiteit in
Amsierdam. Samples were filtered in the field and stored in acidified and non-acidified boti-
les. In the field pH. electrical conductivity. lemperature and. in some cases. alkalinity were
measured. The soil samples were retrieved from the borehole in stainless steel tubes., which
were sealed and cooled during transport to the Netherlands. Pore-waler was squeezed from
the clay samples in the laboratory of the Earth Sciences Faculty of the University of Uuecht.

Stigter (1996) compiled the initial hydrochemical dataset. The final dataset for this
study consists of 22] analyses of all prineipal chemical components with an electro-neutrali-
ty imbalance of less than 10 % (Annex III). The chosen electro-neutrality imbalance is hig-
her than the usual 5 % in order to include analyses from zones with a low sample density.
For this data, also dissolved 1o1al inorganic carbon (TIC) has been calculated with the
PHREEQC code. Annex III also includes incomplete analyses (59) and analyses (47) with

an electro-neutrality imbalance higher than 10 . In some gualiative inierpretations of
hydrochemical and isoiopic pattens also incomplete analyses have been used.

Information on the mineralogy and geochemistry of the Quaternary and Tertiary forma-
tions has been found in studies of D" Audreisch { 1953), Brinkman and Pons {1968). Levelt
and Quakemaat {1968). Haruman (1969), Veen {1970). Eisma and Van der Marel (1971),
UNDP/WHO (1972). Krook {1979). Wong (1983. 1989) and Poels (1987). For this swudy the
composition of elements on all Quaternary clays samples from \he percussion drilling was
studied hy X-ray fluorescence (XRF}.

Far this study also cation-exchange capacities (CEC) have been determined on 22 bulk

-soil sarnples from the 1wo percussion drillings (7 on Pleistocene clays and 15 on Holocene

clays). In this procedure exchangers were saturated first with ammonium by rinsing with an
ammonium-acetate solution: subsequently the absorhed ammonium was displaced by sodi-
um by flushing with a sodium-chloride soluion: CEC equals the 1olal amount of libersted
ammonium { Velsira, 1997).

Existing CEC anatyses of Pleistocene clays (51) and Pliocenc sands (17) were availa-
ble from other swdies (Levelt and Quakernaal, 1968: Veen, 1970: Poels. 1987). These analy-
ses were carried out on the cluy fraction only (< 2 um).

6.3. Hydrogeochemical evolution of metearic groundwater in the eoastal plain

6.3.1.  Rainfall and evapotranspiration

Anulyses of rainwater a1 Kabo by Poels (1987) demonstrate the dominant influence of
marine aerosols. though calcium and potassium are significantly enriched (Figure 6.1). This
enrichment is probably the result of dissolution of pyrogenic organic aerasols (Crutzen and
Andreae. 1990} advected from the African continent (Prospero et af.. 1981). On its way
through the canopy and the upper soil zone, rainwater becomes more concentrated by evapo-
Iranspiration. Chloride conients in groundwalter at Kabo (Poels, 1987) indicale that rainwater
has been concentrated hy a factor of 6.4 (Figure 6.1). Coneentration factors for calcium and
poiassium are much lower. because they are largely filtered out in the root mat (Bruijnzeel.
1990; Forti and Neal. £992: Grimaldi. 1988). As discussed above. the reactivity of the
Pliocene and Pleistoeene sediments is quite low. Therefore groundwaier below the present
recharge areas of the savannah belt and the Lelydorp sands has retained the marine hydro-
chemical signature of the aerosols (Figure 6.1). This groundwaier is denoted here as pristine
meteoric groundwater, marked by chloride concentrations of less than 50 mg/l. This distinc-
tion is necessary as groundwater with higher chlonide contents has a marine signature caused
by salt intrusion (Chapter 3 and 4). The average chloride concentration of pristine ground-
water in the Pliocene aquifer in the savannah belt ranges from 2 to 16 mg/i. This groundwa-
ter is very young as il contains high tritium concentrations (Chapter 7. UNDP/WHO. 1972).
Pristine groundwater in the Pliocene aquifer below the Lelydorp sands contains more chlori-
de (15 10 45 mg/1). which may be due 1o the proximity of the ocean at the time of infiitration

(2 10 8 ka BP. Chapter 7). higher evapotranspiration or leaching of salts from the overlying
Pleistocene clays.
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Figure 6.1, Hyvdrochemical composition of rain, pristiine meteoric groundwater and seawiater in
Surinime.

Acid vondittons (pH < 5) prevail in the soils and shallow phrealic groundwater in the
coustal plain (Brinkman and Pons. 1968: Levelt and Quakemaat, 1968; Veen. 1970; Poels.
1987}, They result from dissolution In the soil zonc of carbon-dioxide gas and organic acids.
The latier give the strongest acid reactions, McKnight el al. (1985) report that these acids. a
complex of bumic and fulvic acids. 1ypically buffer solutions around a pH of 4.5. as Is also
the cusc in 1be study area. The presence of orgaaic acids is also apparent in the numerous
“black wawer” crecks in the savannah beli and the Pleistocene coastal plain.

In order to understand aher hydrogeochemical and isotopic processes (Chapter 7) it is
important to estimate the initial content of dissolved carbon in the recharging groundwater.
According to a compilation by Brook et al. (1983) and 10 a study by Davidson and
Trumbore (1955) in Brazil, soil carbon-dioxide pressures in wropical soils may vary between
[0~ 10 104 atm. (10,000 1o 48.000 ppmV). Given this pressure range, speciation calcula-
tions with PHREEQC showed that the initial ingrganic carbon content of groundwater varies
between 0.84 and 1.67 mmol/l. Accerding to analyses by Poels (1987) organic carbon con-
tents in savannah groundwater vary from 0 1o 0.9 mmol/l (average of 0.17 mmolA},

Therefore the total amount of initial carben of groundwater is expecied 10 be in the range of
1 10 2 mmol/L.

Shallow phreatic groundwater analyses from the present study and earlier investiga-
tions (Poels, 1987 UNDP/WHOQ, 1972), vepresent mainly the savannah belt and hardly the
coastal plain with jts more dense and different vegetation. The early hydrochemical develop-
meni of groundwater, described above. may therefore be biased. However. conditions in the
savannah bel are of panicular interest: most of the deeper groundwater has been recharged
during the LGM and Early Holocene (Chapters 3 and 6). when the entire coustal plaim was
covered by grass and shrub savannahs comparable to that of the present suvannah belt
(Chapter 3: Van der Hammen. 1974).

6.3.3. Mineral dissolution

Low (eldspar contents and the absence ol calciie and arazoniie in the Tertiury sedi-
ments are signs of prolonged leaching by groundwater flow (Krook. 1979). Krook ulso
believes thal the mosily kaolinitic Tertiary clays (of marine origin) originally had a higher
content of sinectites and itlites and that they were Yater transformed as a result of weathering
and leaching. Despite the low reactivity of the sediments weathering of detrital silicates has
led to enrichment in cations, as can be observed in Lhe pristine groundwater of the recharge
areas {Fig 6.1.). Cation/chtoride ratios are higher than those of rain. which is characterized
mainly by dissolved marine aerosols. Qutside the pristine groundwater the influence of wea-
thering on the groundwater chemistry is masked by sall intrusion. Swabiliy diagrams in
Figure 6.2 show that kaolinile 15 the stable silicate phase in maost circumstances. which
agrees with the hypothesis of Krook (1979) that most kaolinite in the Terniary sediments
consists of wransformed marine illites or smectites. In saline environments like those in
which Holocene clays were deposited, smectiles form the stable silicate phase. Carbonate
dissolution hardly 1akes place in the Tertiary sediments. Most groundwater samples, inclu-
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ding those influenced by salinization. are under-saturated with respect 10 calcite and have pH
values lower than 6.5 (Figure 6.3). Srontium-isolope ratios provide information on the
provenance of dissolved calcium. as the chemically familiar element occurs concomitantly
with caleium in most minerais (Faure, 1986; Biermnan el al., 1998), #7Sc/%6Sr isolopes ratios in
eroundwater samples (Figure 6.4), measured a1 the VU isotope laboratory, proved 10 be much
higher than the raties for strontium in seawater and marine carbonates (Burke et al., 1982).
These relaiively high 878¢/8S¢ ratios are typical for strontium in the plutonic crystalline rocks
of the Guiana shield (Pdem et al., 1980: Vonhof e al., 1998). Therefore. dissolved sirontium
and calcium most probably originated form detrital silicates in the Teniary sediments.

6.3.4. Redax processes

Calculated TIC contents of groundwater in the Teniary formations range {rom 2 1o 8
mmol/l. However, the estimated initial amount of carbon. which is dissolved in groundwater in
the savannuh belt at present. varies between | and 2 mmol/l. Ivis assumed that. a1 the time of
recharge during the LGM and Early Holocene. the initial TIC content of groundwater did not
much differ from these values. 1t follows that, in absence of carbonate dissolution. oxidation of
sediment organic matier (SOM) must have led 10 the enrichment in dissolved carhon. In the
Pliocene and Miocene formations, SOM oxidation is probably coupled with iron reduction. as
aroundwater contains relatively high contents of femic iron but also sulphaie. It is likely that
the liberated ferric iron has precipitated as sidenite, as many samples indicate saturation with
respect o siderite (Figure 6.3). This corresponds with the observations by Krook (1979). who
reported that these formations in particular comain amorphous iron hydroxides and authigenic
siderite. while in the lower formations the more siable hematite and goethite dominate. High
TIC and low sulphate contents (Figure 6.5) and enriched 8'*Cryc values (Chapter 6) in
groundwater of the deeper Paleogene (Oligocene. Eocene and Paleocene) formations give evi-
dence of sulphate reduction and methanogenesis. The saline reactive Holocene clays form a
completely different hydrogeochemical environment: groundwater is generally saturated with
respect Lo calcite. which is present as allogenic and authigenic minerals in the sediments: pyni-
te and T1C contents are high because of sulphate reduction and methanogenesis (Fizures 6.6
and 6.7. Groen. unpublished data). The same holds for the Cretaceous. the source rock of the
oil that is found in several place in the coastal plain. This can be derived from groundwaier
samples from the oil-bearing sands at the bottom of the Tertiary at Saramacca.

6.4. Cation-exchange and freshening in the Pleistocene clays during the Wisconsinan
regression

6.4.1. Imroduction

During the 100 ka of the Wisconsinan regression. meteoric flow systemns in the coastal
plain have flushed all saline groundwater. formed during the preceding Sangamonian trans-
gression, It is expecied that cation exchange has long reached equilibrium. If there were any
cation-exchange signals lefi. they would be expected in the clays, because of the high cation-
exchange capacities {see next section). This applies in particular to Pleistocene clays (Coropina
Formation) in the southern pant of the coastal plain, which have not been affected by the
Holocene transgression, The following sections are mainly based on data from Levelt and
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Quakernaal (1368) and Veen (1970). who carried out physical and chemical analyses on clays
in this area.

6.4.2. Observariony

Caticn-exchange elfects in the Pleistocene clays are expected 1o be large beeause of the
high CEC. CEC's of 7 samples from the Koewarasan borchole vary from 16 (o 29 meg/100
¢ of dry soil. with an average of 24 mey/100 2. The CEC's of 51 samples from the studies in
the southern part of the coastal plain (Levelt and Quakernaat, 1968: Veen, 1970). are consi-
derably lower (average of 12 mea/100 g). This may be due 10 the higher silt fraction in that
part of the coastal plain, Also these CEC were calculawed on the basis of analyses of clay
fractions only, whieh may introduce errors. Average base saturation for the sumples from the
boreholes is about 34 %. The low base smuration is normal for the present day acid condi-
uons. but in more mineralised and less acid groundwater, base saturation would probably be
higher.

A typical depih profile of the cation compesition on the exchange sites of the Coropina
¢clays is shown in Figure 6.8. Magnesium appeared to be the dominamt cation adsorbed to the
exchange sites, followed by calcium. 1n the first instanee one is tempied Lo atiribute the high
magnesium content of the exchange sites 10 the marine origin of the ¢lays, which would
imply that the canon-exchange process has not been completed. This would be in accor-

dance with the suggestion, made in Section 5.4.1. that the higher chloride conlents of pristi-
ne groundwaler below the clays

may be the result of leaching of

residual salts from the o R
Sangamonian clays. On the 301 ::q
other hand, the currently infil- | —o—na
vating waker is not very minera- Gl B
lised and has a low calcium £ 20
concentration (Section 6.3.). =

Also Level and Quakemaat g 187

(1968) report very dilute pore- 10 1
waners. This raises the question

5 4

of whether the observed cation
composition of the exchange a
o e ik . 0 5 10 15 20
§11::, is in equﬂlbn_;‘l:l with the depth (m)
infiltrating water. These . . .

R N Figure 6.8. Exchangeable cations and cxchunge capacity of
questions will be addressed by ¢ g O

Pleistocene clays in the southern pan of the coastal plain of

cation-exchange modelling in Suriname (unpublished data from Levelt and Quakernaat. 1968)

the next section,
6.4.4. Carion-exchange simulations

Model set-up

Carion-exchange occurring along with freshening of the Pleiswcene clays has been
simulated with the PHREEQC code for hydrogeochemical modelling (Parkhurst and Appelo,
1999). Simuiations are restricted to processes of one-dimensional advective and diffusive
solute transport and cation-exchange. The results are compared with observed cation compo-
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sitions of the exchange sites of the clays in the southern pan of the coastal plain (Levell and
Quakemaal. 1968).

in the ceference model, a verlical column of 12 cells with tengths of 1 m each repre-
sents the clayey Pleistocene Formation. This corresponds to an average thickness of the for-
mation varying from 2 1o 20 m. In the model. an effective CEC of 600 mmol/l was applied
(based on the average CEC of 25 mg/l/100 g of dry soil, bulk density of 1,8 grfem?, porosity
of 0.3 and an estimated base sawration of 40 ). For the diffusion coefficient a value of 7 x
104" m*/s was used, hased on the chlorine isotope swdy (Chapler 4). The exchange coeffi-
cienis Ky, and Ky me, (Bquation 5.2} of 0.4 and 0.5 are average values bused on a compi-
lwtion hy Appelo and Postma (1973}, Other hvdrogeochemical processes, like oxidation of
pyriles and sediment organic matter and caleite dissolution have not been accounted for.
because (i) the lower part ol the Pleistocene clavs had already heen inensively oxidized
during an early regression phase in the Sangamonian or even during the lllinoian (Saalien)
regression (Veen, 1970) and (i) it is assumed that during the prolonged Wisconsinan regres-
sion the clays quickly lost their reactivity and cation-cxchange became the dominan pro-
vess, The simulations cover u period of 103 ka ivom the end of the Sangamonian (around
115 ka BP) transgression 1a the Holocene transgression (around 10 ka BP). In each simula-
tion exchange xites are {irst equilibrated with scawater. representing the siwation during the
Sungamonian transgression. As a resull, exchange siles become filled mainly by sodium and
magnesium, Freshening by diffusive transport during the Wisconsinan is conwrolled by fixed
ion concentrations of fresh groundwater at the 1op and the bottom of the column. With res-
pect w the Tatter boundary condition it is assumed that during the Wisconsinan the underly-
ing Pliocene formation was rapidly flushed by meteoric groundwater. For the {resh ground-
wiler at the bottom. the composition of average Lelydorp groundwalter was chosen. At the
top. fresh waler with a theoretical composition was imposed: chloride concentration was set
equal 1 the average of groundwaier helow Lelydorp and calions concentrations were pro-
portional 10 that of chloride, as in scawater (Figure 6.9). For stmulations of freshening by
adveclive ransport. the laner water type was used (o flush the column. The flow rate
through the column was based on a recharge of 30 mm/a and an effective porosity of 30 %.
Estimated dispersivity for advective wansporl was set at 0.1 m.

The sensitivity of the diffusive and advective freshening models has been tested by
varying model parameters between reasonable end member values. In Table 6. the parame-
ters used for the various simulations are lisied. Simulations 1 and 11 are the reference
models for diffusive and advective salt transport. respectively. Also the chemical composi-
ion of waler ai the top boundary condition was varied: instead of the theoretical fresh water
composition with a marine signature (dilute marine) also runs were made with average
Lelydorp groundwater at the top (100 % Lelydorp) and a water type forming a mixture of
average Lelydorp groundwater and the diluted manine water (50 % Lelydorp).

Results

The most interesting results of the simulations are shown in Figure 6.9. The concentra-
ticns of dissolved and exchangeable cations are plotied against depth. Simulation } demon-
strates that diffusion alone 15 not able o drive gut all sodium from the exchange sites
(Figure 6.9a). This also applies to other simutations under conditions that enhance the
exchange. like small layer thickness (simulation 2). maximum and minimum selectivity for
magnesium and calcium. respectively (in simulation 4). small effective CEC (300 mmol/l in
simulation 5} and high diffusivity (10 x 10-10 m¥s in simulation 10}. Figure 6,92 shows that
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the release ol sodium takes place more guickly al the botlom of the Pleistocene clays. This
is caused hy the retatively high caion concentrations of the bottom boundary condition {100
% Lelydorp proundwater). Simuiation 7. with 100 % Lelydorp groundwater as 1op boundary
condition, results in o fasier equilibration at the 1op part. but sodium 15 still not driven out,
Though diffusion may not have led 1o complete cation-exchange. the process itself is fast
enough 10 drive oot the chioride and other conservative solutes from the original suline pore-
water: it appears that after 33 ka (one-third of simulation period) the total concentration
tmeg/l) in pore-waler has almosi reached the total concentration of the solutions at the boun-
dirries,

Freshening hy advective wransport with the reference model (situlation 11} s also not
sulficient w reach equilibrium between the soluie infiltrating 1t the 1op and Lthe eschange
sites (Figure 6.9b), Varying parameters such as the recharge rates (3 mm/a tn siinulation 20
and 55 mn¥/a in siaulation 21) has some effect. though the “exchange equilibrium front”
does not reach the bouom of the clays (Figures 6.9¢ and 6.94). Raising 1he cation concentra-
tions in the infilirating 2roundwater has a much larger effeet. as the quantities exchangaed
hetween dissolved and adsorbed cations are larger. 11 100 % Lelydorp groundwater is allo-
wed 1o infiliraie {simulation 17). the entirc clay cotumn reaches cquilibrium with the infilira-
ting water. 1f 50 % Lelydorp groundwider is used (simulation 18) the botom pan is not
complelely equilibraled with the infilirating water (Figure 6.9¢}. The equilibrivm MgX/CaX
ratio s wbout 1.3, which is stil! Jower than Lhe observed ratia of 4 (Levell and Quakernaat.
1968). In simulation 19 the same miacd waler type was nsed 1ogether with 2 maximum
selcelivity for magnesium (K e, = 0.6 and Ky up, = 0.4). Equilibrium is reached everywhe-
re with this model with a« MgX/CaX raiio of about & (Figure 6.91). In simulation 22, which
cumhines simulation modet 19 with a low recharge rate of 5 mm/a, the exchange front did
not reach the bonom {(Figure 6.9g). This indicates that relatively high reeharge rales (> 30
mm/a) during the Wisconsinan ure likely, as was concluded in Chapter 4, based on the pale-
ohydrologicai model with the incised palcovalleys.

6.5. Cation-exchange and salinization in the Quaternary and Tertiary farmations
during the Helucene {ransgression

6.5.1 nirmduction

When the sea inundated the present coastal plain dering the Early Holocene. fresh
groundwater in the Tertiary aquifers siopped flowing and became subjected 1o salinization
from above and below. mainly by diffusive solute transpont (Chapter 3 and 5). It was
demonsirated in Chapler 5 that downward diffusive transport in the coastal plain reached a
maximum depth of -125 m. Deeper salis have been transporied from below by diffusion and
lateral dispersion during regression periods with deep groundwater flow. In the next sections
calion-exchange is studied occurring during the downward diffusive salt transport, This
study is mainly based on analyses of pore-water recovered from clay samples from two
boreholes at Koewarasan and Tounonne and analyses of water from existing wells.

6.5.2.0bservations

Because of the high smectite contents of the Holocene clays CEC's of 15 samples from

.

the Koewarasyn and Tourtonne boreholes are relatively high. varying between 18 and 32
meq/100 g. with an average of 25 meg/100 g. CEC values for the Pliocene sands vary from

0.1 10 | meg/100 g dry soil. with an average ol 0.6 meqf100 g. Base saturation of the acid
savannah sands is less than 20 %.

Holucene clavs (Coronie Fm .y

The pore-water analyses {rom the Tounoane and Koewarasan boreholes are displayed
in Figures 6.6, and 6.7. In these figures calion and sulphate concentrations are expressed us
excesses and deficits with respect 1o mixine of fresh water and seawarter based on chleonde
contem. At Tounonne a 25 m thick succession of Holocene clays is found. covering a periad
of about 10 ka. In the reactive Helocene sediments the original seawater composigon has
been transformed by sulphaie reduction. which produced large guantities of bicarbonate,
und. consequently. by precipitation of ealcite und pyrile {Velstra. [997). Because the sea
withdrew from this arca only 500 years ago, the chloride concentrations are still close w
those in seawater (Section $.4.1,). The loss of dissolved ealeium is partly compensated hy
desorplion of calcium from the exchange sites coupled with adsorption of sodium und
ammonium. The nel result of these proeesses is a defien for dissolved sodium as well as cal-
cium. These processes are best illusirated by sample T21 (Figure 6.6). The other sumples
have u relatively large imbalance in ion electro neutrahty. mainly causcd hy inaccuracies in
the sodium analyses.

Al Koewarasan, where marine influence lasted from ahoul 6 10 4 ka BP. only the upper
6 m consist of Holocene sediments. Pore-waler salinilies are much lower than at Tourtonne
(Chapter 4). Here the reverse process becomes apparent (Figure 6.7): pyrites. formed during
and shortly after depoxitien, have already been oxidized. leading 10 acid soils. high sulphate
eontents in pore-water and disselution of carbonates (Velstra. 1997),
Pleistocenc clays (Coropina Fm.)

Pleistacene clays have lost most of their reaetivity due 1o prolonged weathering during
the lasi glacial (Meen 1970; Levelt and Quakernaat, 1968; Section 6. in Annex 1). As a
resuit salinization by diffusion from the overlying Holoeene sediments results only in cation-
exchange. as ean be observed by the calcium excess and sodivm deficit of pore-water in
Figure 6.7. The magnesium excesses or deficits display a more erratic paliern.

Neogene_formatigns

Cation-exchange pauerns in the Neogene formations should be studied along the verti-
cal diffusion path. just as in the Quaternary elays. However, this was not possible. since
samples were taken from different wells far apan. Therefore. instead. the chlotide concentra-
tion was used (o mark the advancement of the diffusion process {Chapter 5}. In Figure 6.10
excess cation concentrations of ali wells in the coastal plain have been plotted against chlo-
ride concentrations in mmol/l. lon excesses (and deficits) have been determined with respeel
to mixing of seawater and fresh pristine groundwater below the Lelydorp sands (Figure 6.1).
The latter is supposed 1o be the dominant groundwater 1ype in the formations before the
Holocene transgression. Samples affecled by salinization (Cl > 50 mg/l or 1.4 mmol/1) have
sodium deficits balanced in milliequivalents by caicium and magnesium excesses. This is a
sign of cation-exchange, in this ease related to diffusive salinization. Figure 6.10 further
shows that cation deficits and excesses increase linearly with chloride conteats. This is not
expecled because of the non-linear relation between selectivity coefficients and concentra-
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Figure 6.10. Excess ions contents in the Pliocene and Miocene formiakions (Zanderij and Coesewijne
Fm 1 aginnst chioride contents. Eacess ions concentrations are expressed as excesses relative to the
expected concentration from conservative mixing ol fresh groundwiser (groundwiner in Pliocene forma-
tiewrs, recharped below the Lelvdorp sunds) und seawiter. Mixing ratios gre based on chloride contents.

tion (Eguation 5.2) and the chromatographic order of cation release from the exchangers.
This suggests that in the Tertiary Formations. which have low CEC’s. calion-exchange is
neglegible. Therefore, the observed cation-exchange signature of groundwater in the
Neogene formations has probably heen formed in the overlying Pleisiocene clays.

Stigter (1996) plotied the cation excesses of some samples against the distance to the
coustline. This gives essentially the same result. since chloride concentrations generally

increase towards the north. where diffusion started carlier on the sloping Pleisiocene surface.

Groundwater also displays sulphate excesses with respect to mixing. which cannot be
cxplained easily, Pyrile oxidation has probably taken place. but the deeper pan of the
Holocene clavs. the source of the salts. is strongly reduced and has low sulphate contents.

Paleoeene formations

Figures 6.11 and 6.12 show the data for the Oligocene {Burnside) and
Eocene/Paleocene (Saramacca) formations. Here a completely different pattern emerges.
Sodium concentrations are in excess. while calcium and magnesium do not exhibit clear
excesses or deficits. This pattern is most outspoken lor the samples of the Paleocene forma-
tion (T-sands) from the Tambaredjo oil field. Most of the sulphate is reduced. The low con-
wenis of dissolved iron. whieh has precipitated as pyrite. are probably related to this. As has
been discussed in Chapter 5. the solutes al these depths most likely originate from the saline
Creviceous (Figure 3.5). Due to lack of sufficient information on hydraulic and hydrogeo-

chemical processes at Lthese depths. no attempt has been made to analyse these observations
in more detail.

6.5.3. Cation-exchange sinudations

Model set-up

In this section the hypotheses
regarding the salinization of the
Pleistocene and Neogene formations
(Section 4.5 and Chapter 4) are verifi-
ed by PHREEQC modelling.
Simulations in this case are resiricled
1o diffusive solute transport (Chapter
4) and cation-exchange. The resulis
are compared with the groundwaier
chemistry of the Neogene formations.

The reference model consisis of
a column with 12 eells at the wop
representing the Pleistocene clays fol-
lowed by 113 cells Tor the Tertiary
sediments. All cells have lengths of |
m. The effective CEC of the Tertiary
is quite tow 14.4 mmol/l and ts based
on the average CEC from studies hy
Poels (1987) and Level and
Quakernaat {1968) of sands of the
Pliocene Zanderij formation.
Diffusion and exchange coefficients
and CEC for the clays are equal to
thosc of the previous lreshening
madel (Table 6.1). For the CEC of the
Tertiary sedunents in the reference
madel a value of 14 meg/l is uscd.
The downward diffusion process was
allowed to continue for a period of 10
ki, which corresponds to the length of
time after the sea had reached the
present coastal plain in the Early
Holocene.

In all simulations pore-water in
the cells has the composition of avera-
ge Lelvdorp groundwater prior to the
Holoeene inundation. The initial
cation composition of the exchange
sites of the Pleistocene clays was
denved from the findings of Levelt
and Quakernaat (1968) and Veen
(1970). The initial cation composi-
tions of the exchange sites of the
Tertiary formations were determined
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Figure 6.11. Excess ions contents in the Oligoeene
Formation {Bumside Fm.) against chlomide contents. Extess
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by PHREEQC. assuming equilibrium with pore-water. For the diffusion, fixed coneentra-
tions of saline waler are imposed at the Lop of the column. These concentrations are derived
[rom pore-waler analvses of the Holocene ¢lays at the bouom of Tounenne borehole {(sam-
ple T21). The regression and the subsequent upward diffusion are not taken into aeeount, as
in chapter 4. The sensitivity of the model was tested for the range of parameters listed in
Tahle 6.2, For the chemieal boundary condition i the 1op also purc scawater was used and
the composition of pore-waler sample K3 from the Holovene clay in the Koewarasan bore-
hole. This sample has a refatively low salinity and is influenced by pyrite oxidation.

Results

in Figures 613 and 6.13b the 10tal coneentrations are shown for solutes und the
exchangeable cations, respectively, against depth, according o the reference model (simula-
tion 1. 1n Figures 6.13¢ and §.14a exeess concentrations ol cations have been ploued
agiinvt depth and chloride concentration. respectively. Excess concentration 1s deflined as the
exeess (ar deficit) with respect 1o mixing hetween seawater and average Lelydorp ground-
water. Plotling excesses against chlgride allows comparison with the analyses shown in
Figure 6.10. Figure 6.13a shows how the simulated chloride concentrations deerease rapidly
dewnward. approaching the background value of Lelydorp groundwater at 75 m bejow the
10p ol the Pleistocene Coropina Formation. This is in agreement with the measurements and
analvtical simulations of Chapter 4. It should be noted. however. that the PHREEQC model
does not take into account the effeers of Holocene sedimentation and regression. Figures
6.13¢ and 6,14 show that difTusion of salts is accompanied by caton-exchange. This pro-
cess leads w0 sodium deficits and calcium and magnesium excesses with respect 10 conserva-
uve mixing. Clearly. exchange has not reached equilibrium. The exchange takes place main-
Iy in the Pleistocene elay with its large pool of exchangeable cations.

in the Tertiary formations there is littke exchange, as can be seen in Figure 6.14a,
wlich shows (he quasi-linear relatlionship between chloride and cation excesses. The simula-
Lian resules compare {avorably with the chemical analyses, shown in Figure 6.10, though the
Mg e Ciley s Tltio of 2 in the Tertiary formations is lower than the ratios derived from the
analvses (3 1o 6). Nevertheless. the results suggest thart the hydrochemistry of the Tertiary
formalions is largely defined by conservative mixing of old Pleistocene water and downward
diffusing salis, which has acquired its composition by cavon-exchange in the Pleistocene
c¢luys. The high Ma excess is explained by the dominance of Mg on the exchange sites in
these cluys prior to the transgression. as measured by Levelt and Quakernaat (1968) and
Veen (1670). Most of the sensitivity tests show more or less the same results.

The maximum scleetivity for magnesium used in simuiation 4 is not likely as i1 leads
to almost equal magnesium and calcium excesses (Figure 6.14b). In this simulation less
magnesium and more calcium is released from the clays initially. Simulation 13 with maxi-
mum effective CEC (1200 meg/1} for the Pleistocene clays and minimum effective CEC for
the Tertiary formations (2 meg/D) resulied in Ma,,,... /Ca,, ... ratio of 3.5 and provided the
best match with the analyses (Figure 6.14c).

6.6. Discussion and conclusions

Most groundwater in the coastal formations is mineralised because of salt intrusion (Figure
3.5). Pristine groundwater is only found in the savannah beli and below the Lelydorp sands.
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This water. even the relatively old pristine water at Lelydorp (> | ka BP) has retained a rain-
wiler composition because of the low reactivity of the sediments. The Pleistacene and
Teniary farmations contain hardly any calcite and weatherable silicaies (Kraak, 1979:
Sections L4, L5, L6 in Annex ). whieh is & sign that the coastal formations expertenced
intensive flushing by mcieoric water during protraeted reeressions (Chapier 4). The present
stagna flow condilions in the coastal plain (Chapter 3) are the exception rather than the

rule considered on a geological time scale.

Most groundwater is acid (pH less than 6.5) and undersaturated with respect o calcite,
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Figure §.13. Simulaied concentrations of
dissolved and exchangeable cations and
chloride in 1he Pleistocene and Neogene
formations afier 8 ka of salinization during
the Holocene transgression. PHREEQC
models simulute venical diffusive solute
transport and calion-exchange. Saline
sourte is pore-water from Holocene clays
(Simulation 1 in Table 6.2).
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Figure 6.14. Simulated concentratlans of dissol-
ved and exchangeable cations in the Pleistocene
and Neogene formations afier 8 ka of saliniza-
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PHREEQC models simulate vertical diffusive
solute transport and cation-exchange. Saline
source is pore-water from Holocene clays (see
Table 6.2). Three different simulations are
shown (Simulation 1, 4 and 13 in Table 6.2)
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In the deeper lormations below a depth of 130 m. and in the Holocene clays. sulphate reducti-
on and methanogenesis has laken place.

The Pleistocene clays in the southern part of the caasial plain contain fresh pore-water
now, while the exchange sites of the clays are mainty occupied by magnesium jons.
Simulations with the PHREEQC hydrogeochemical code show (hat this cannot be explained
by diftusive solute transport during the Wisconsinan regression. Advective (runspon corre-
sponding o a recharge of more than 5 mm/a is required (o account Yor this eflfect, This is in
agreement with the findings of the numerical paleohvdrological mode). which showed that a
relatvely bigh and widespread recharge must have persisted during the Wisconsinan.

Groundwaier in the Pleistocene and Neogene (Zandenj and Coesewijne) formations, in
the nortirern and Holocene part of the coastal plain is affected by diffusive downward salini-
zation (Chapter 5). Cation-exchange. assouialed with the salinizition. is recagnized hy the
sodium deficits and magnesium and caleium excesses with respect o canservative mixing of
Tresh water and scawiter. Diffusion and cation-exchange simulations with the PHREEQC
code concur wille this, showing a good correspondence between observed and calculated
cation deficits and excesses. The cation-exchange appears w have taken place mainly in the
Pleistocene ¢lays: CECs in the Tertiary formations are very low and salts from the overlying
Quanernary clays have mixed conservatively with the fresh puteogroundwater. This explains
the unilorm ratios ol cation deficits and excesses in the Neosene formations,

In the Paleogene (Burnside and Saramacca Formations). groundwater generally has sodi-
wm excesses. Salinization and cation-exchange provesses in these deep formations cannot be
reconstructed.

Sim. Chewicomp. Chewe comp, Coluinn - CEC

Kxwes Ky Dilluson  Recharge Longit.

. Tap bolom lenuth coelfic, rale  dispers.
(nl  tmmol/y (imfx) [mmfa} (M)
| diluwd murine 100% Leiydom 12 [ty 04 0.5 TaiQmw -
2 dilmed warine 100% Lelydorp 6 600 04 0.5 7x 10w - -
3 dilued marine 100% Ledvdorp 24 (GO0 0.4 0.5 Tx 10w -
4 diluted marine 100% Lelvdorp 12 600 0.6 04 TFxi0m -
5 diluted marine 100G Lelydorp 12 3 04 0.5 7x10m - -
o diluted marine 100% Lelydorp 11 1200 04 U Ix10m - -
- 100% Lelvdom 100% Lelvdomp 12 6(K) 04 (0.5 710
8 ditued marime  diluted muring 12 600 04 0.5 7% 1010
Y diluted marine 1006 Lelvdorp 12 600 04 0.5 4 [0 - -
10 dituted murine 100% Lelvdorp 12 600 0.4 0.3  10x0m - -
1l dilued marine - 12 o000 0.4 0.5 Tl 30 0.1
12 Jihwed marine - 6 600 04 0.5 710 30 0.1
13 dilwed marine . Rt 600 04 LIS 7 a 10 30 0.1
14 diluted manne - 12 6 0.6 0.4 7210 20 0.1
15 diluted marine - 12 300 04 0.5  Tx10m 0 0.1
16 difuted narine - 12 1200 0.4 0.5 7 a J- 30 0.1
17 100% Lelvdorp - 12 600 04 0.5 7x 10w 30 0.1
18 50% Lelydomp - 12 600 04 05  7xIQw X 0.1
19 50% Lelydorp - 12 600 0.6 04 7 1010 R 0.1
20 dilwed marine - 12 600 0.4 0.5 7 %10 5 0.1
20 diluied marine - 12 600 0.4 0.5  7xtow 55 0.1
22 50% Lelvdorp - 12 600 2.6 04 7x 0w 5 0.1

Table 6.1. Simulation parameters for modeling cation-cxchange in a cclumn of eriginally saline
Pleistocene elays in Suriname as a result of freshening during the Wisconsinan

Sim. Chem.comp. Chem. comp. Column length (mt CEC tmmol} Kiweo Kouswy Diffusion
Nr. op hotem — —— coeltic.
Pleist.  Tepiuny  Pleist. Teriary tm-/s)
1 saline T21  100% Lelydorp 12 143 14 600 04 0.5 7x10Mm
el sadine T21  100% Lelydorp 6 113 14 600 04 0.5 Ixl0w
k suline T21  100% Lelvdorp 24 113 14 600 0.4 s 7xigmw
1 suline T2V 100% Lelvdorp 12 L3 14 600 0.6 04 Tx 10w
3 salinge T2l 100% Lelvdorp 12 113 14 3 0.4 05  7xi0m
6 safine T21 100¢% Lelvderp  I2 113 14 1200 04 05 7x10m
7 hrackish K3 1005 Lelvdorp 12 113 14 600 0.4 05 7altm
8 saline T21 100% Lelydarp 12 I3 2 600 0.4 05 710w
9 suline T21 100% Lelydom 12 13 24 600 0.4 0.5 7x 0w
10 seawuter  100% Lelvdorp 12 13 14 600 0.4 05  IxlOm
1 saline T21 1004 Lelvdorp 12 113 14 600 04 05 4axlnm
12 saline T21 1006 Lelydorp 12 13 14 600 0.4 05 10x2m
13 saline T21 100% Lelydomp 12 113 2 1200 0.4 05 Ix10w

Table 6.2, Simulation parameters for modelling cation-exchanze in a columin of Pleistocne and Neogene
[ormations in Suriname us a resull of salinizaion during the Holocene transgression.
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Chapter 7.

Isotopic signals of the hydrology and paleohydrofogy in the
coastal plain of Suriname

7.1. Introduction

In this chaper the sotopic parsmetees (2H, 3H, 13C, HC and O in groundwiner are
studied. They may add new information on the paleahydrological conditions in the coastal
plain of Suriname. There is abundani Hierature on the application of these isotopes w deter-
mine various aspects of grouadwater like origin, mixing, low system. age and recharge, but
also of (palcoyemperatures. vegetation and rainlall paverns (Clark and Fritz, 1997: Kendall
and McDonacll, 1998; Cook and Herczeg, 2000; Mook, 2000}

In Chapter 4 a reconstruction was presented of the LGM landscape. based mainly on
earlier studies: the Nat Pleisiocene surface of the coastal plain and the continental shelf had
been dissected by fluvial erosion during the Wisconsinan low stand; rainfall was about half
the present-day value and morc concentrated in the long rainy season, while temperatures
were about 4 1o 3 °C lower than today; the elevated interlTuves were covered by grass and
shrub savannahs, while the incised valleys were bordered by gallery forests. The Saramacca
and Suriname rivers. running through deep (> 30 m) valleys. were probably perennial, while
the wributaries had un ephemeral characier. {n this chapier [ will usc isotopic informalion
mainly 1o define groundwiter ages and Mew patterns and to obtain more insight in vegeta-
tion and rainfall paterns

7.2. Data
7.2.1. New analvies

HC-isgtopes.

For this study 30 groundwater samples were gathered, They were analyzed on '4C isol-
opes by the luborutory of the Center for [sotope Research (C10} of the Groningen University
tthe Netherlands). For tbese analyses groundwater samples of 30 liters werc collected in
plustic containers. In Suriname all CO, gas was expelled from the containers by adding acid
and injecting air. The gas was led through a wbe and released in boule with a NaOH solu-
tion. where the gas dissolved as carbonate and bicarbonate. The C isotope radioactivity
was determined by measuring (8 decay events in a low background proportional counter, fil-
led with the purified sample CO,.

The YC content is expressed as a percentage of the measured aclivity (a,,) 1o the activi-
ty of oxalic acid from 1950 (a,). the standard for modern atmospherie carbon. The accuraey
of 1C analyses of this study is about 1 % (standard deviation). The accuracy is dependent

on counting time and counter volume. For groundwater samples an accuracy of 1% (stan-
dard deviation) is normally sufficient.



Groundwaier samples have become slightly depleted in C isclopes by CO- loss
during transport (see next section, bul the effect on !4C conlen expressed as a percentage of
modern carbon is negligible.

Vi Inolopes

VCHAC isotopic ratios were analyzed by CIO on JH groundwaier samples. To avoid
biological reactions and fractionation an I,-KI solution was added 10 the samples. The ratios
are measured on CG, vas. expelled from the water by orthophosphoric acid. Ratios are
expressed as 813C values. These arce deviations in per mil! of the measured 1C/12C ratio of
the sample with that ol the international “VPDB" calibration material. Accuracy of §1*C
measurements is (0.1 %e. it appeared that many measured 8C values ol dissolved 10tal inor-
guni¢ curhonATIC) were influenced hy loss of CO, gas in the period between sumpling and
analysis. Loss of CO2, which is isotopically light with respect to bicarbonatc. leuds to higher
&1y - vilues and higher pH. The lutier was ohserved in the difference berween luboratory
pH and fickd pH of most sumples. For mast sumples. CO- loss could be estimated by sub-
stracting the amount of TIC. measured at the C1O aboratory. from the original TiC. The ori-
ginal TIC was calcubated with the PHREEQC code (Parkhurst and Appelo, 1999) on the
busis of field pH and hydrochemical composition. Subsequently, the effect of CO- loss on
&y wus calculuted with a Raleigh distillation mode] using the equilibrium fractionation
fuclors reporied by Mook (2000h). In the caleulations. it was assumed that alkalinity did not
change during CQ, escape and that dissolved carbon species remained in isotopic equilibri-
um. Culevlations showed that the analyses needed negative coreetions of | 10 4 %,

FH-isolopes

7 Groundwater samples were analyzed on *H content (iritium) by B-radiation counting
in the CIQ laboratory. Prior to measuring H, was extracied from water in a mg-oven and
combined with tritium-free ethene gas 1o form ethane gas. The tritium content is determined
by reluting the measured activity 1o the activity of a laboralory reference of known TU. TU is
the tritium unit and equal to one *H atom per 10 hydrogen atoms. Samples with low tritium
coment i< 20 TU, like thosc [ron Surinmne. are anificially enriched by electrolysis before
meusurcment. Mzasurement accuracy of enriched waler of the new anulyses is 0.2 TU.

%Q-_and 2H-isolopes

47 Samples were anulyzed at the CIO laboratory on BO/*0 and *H/TH ratios. The 1#0-
ratios are determined by isolope ratio mass spectrometry (IRMS) on CO, gas. which is
equilibrated with the waler sample. H/'H ratios are measured with a mass spectromelter on
H. gas formed from waler by directing water vapor over hol uranium, Ratios are expressed
in 8'%0 and §7H as differences with the imtemational calibration marerial, Vienna Standard
Mean Oceun Waner {(VSMOW), Accuracy of the §'30 and §°H measurements is 0.1 and 2
. TESDECHIVEL Y.

In earlier hydrogeological studies isotope analyses have been carried on groundwaler
samples from the coasta) plain of Suriname (UNDP/WHO. 1972; Verleur. 1991). These ana-
lyses on HC (23), 3H (39), 180 (64), 2H (11) and '3C (19) are combined with those carried
out for the present swudy. These analyses have been carried out by CIO in Groningen, The
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Netherlands, and jon: i
exiSting o 2 the International Atomic Energy Agency (IAEA) in Vienna. Accuracies of
INg analyses are comparable 10 those menij '

' oned above cwe analyses carri
for i e for the new analyses carricd ou

vere LZ:Jd;::,;oll:!me the 150[0_pic CharlucleriSlic_s of groundwater with those of rainfall. data
Torg used from n}‘eleorologlcal slavons of Cayenne (French Guianu) and Belem (Brazil).

8¢ Stalions are facated 350 km east and 1100 km southeust from the study area. respecyj-
the JAEA GNIP database (Globul N

L e ciwork for [sotopes
in Prec:pllalngn) (htp:/fisohis.izea.oral). The database containg §150 en §2H analyses Ol-pﬂ

1988 pcriod_amd comaing 233 records (32 records without dEUI:r?L‘;:d;rfuT;:::: e 1965 o
Ncur:z.llzlir‘olrgg?c Gf:j”P d_u'lu. ul_so precipitation analyses from other studies were used.
mn:ple‘ fml.n o ) Slu : ied isotopic and hydrochemical compasition of monthly rainfal)
N e fr ayenne in I99§. Important for the Present study were also the data from
awsut ex al. (1983). who carried out §1%Q analyses on more (hy
Belem in the 1978 10 1980 period,

Van Vii f { isu i i
Viiet (1998) gathered al) exisiing and new isolopic datu. Her report also presents

;jh(')]lﬁplc-da[a of pore water squeezed from samples of the Koewarasan and Tourtonne core
rillings {Velstra, 1997). These will be discussed in future publications,

n 400 daily samples from

?..L [delltlllcatl()ﬂ 0[ ]I\"dm Oellc ta processes and palcnve clalion with 6 C of
ge miecal 13 bl
dISSOIUcd tnor ganlc earbon

7.3.1 Intraduction

81C isotope ratios of dissolved

. to1al inorgani
mation regarding

the carbon sources and sinks alo
groundwater enters the soil. carbon-dioxide gas is

tal pressure caused by root respiration and oxidati

l|hg:;3gash;6l3cc°2m“) depends on the photosynihetic process of the vegetation (O’Leary
i ].' ] ost plal’ll: have a (':al\n{\ or C3 photosynthetic pathway and produce carbon w‘iLh
va ue§ of -22 10 -33 %e. with an average of -27 % (Vogel. 1993}, This Geure is also
Eaprcsemauve for son!_orgunic matter produced by forests in Brazii (Martinell; bel al . 19§6)
alz;rgon from plants w1_1h a Hatch-Slack or C4 photosynthetie pathway is charactcri;ed by l
199{_-03,‘,.,1 values varying benl._feen fram -10 10 -16 %« with an average of —13 %« (Vogel
3). Plants operating according to the CAM pathway have intermediate 53¢ vaiuesc N}OSI
C-J_planls are found among the family of menocotyledonous prasses and sedges, C4 l-anl
thrive Pparticularly well in semi arid and hot climates and low almospheric C(c) n:l:ometlt i
(Ehteringer et al., 1997). This is why C4 plants were much more abundant dun:'n the LGM
when the atmospheric CO, content was 180 ppmY (Cole and Monger 1994) Dugrin the ‘
Holocene. atmospheric CO; content increased to a preindustial valze £>f 275 | mV fnd
rently to 370 ppmV as a result of fossil-fuel combustion during the last c_en.lu[;l; -
Be_cause of difﬁ_:sion .and mixing with atmospheric carbon-dioxide gas (8.'3C Sawm) 3l
E;ils)ir:- c|l§0—8_d%o and lrlljpremdusq'ial_Holocene —6.5 %), the actual isotopic compoi?ﬁgnw:af
oo y: xide gas (3 F:L_'Ol(s.o)) is higher than 813Cegapn,. Cerling (1984) and Cerling et al.
showed that a minimal enrichment of 4.4 %o tould be expecied below the root zone

¢ carbon (TIC) cun provide valuabie infor-
ng the groundwater pathway. As soon as

taken up because of the relatively high par-
on of soil organic matter, The §15C value of
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in soils with a high partiat carbon-dioxide pressure (> 10-2 ain). like we find in Suriname
(Section 6.3.2). Curben-diexide gus dissolved in the percolating groundwater (8Ceqa,,,,) i
depleted hy 1% with tespect (0 83 Ceypn, .,y a1 the average soil iemperature of 27 oC in
Suriname. 1t is therefore assumed that in the tropicat soils of Suriname. 81C-qy, ., will be
about —4.5 under C4 vegelation and -23.5 under C3 vegetation. At present. the natural vege-
tiuion of the study area consists mainly of dry-land forests and marshland foresis in the
lowver cluyey parts of the coastal pluin (Lindeman and Moolenaar, 195%; Teunissen. 1978).
Thuse vegelaton types comprise mostly €3 plams.

Further along the Mow path. curben may he added o the groundwater by dissolution of
siinerials and sediment organic mutter (SOM). These reactions do not take pluee in the de-
ply weathered soils of the recharge arcas in Suriname hut at larger depth in the saturated
cone (Section 6.3:4) under closed canditions (no interaciion with soil gasest. In that case,
the &Cpe of wtal inorganic carhon in groundwater is 3 mixture of the original AYC g,
ind the isetopic composition of the added carhon. unless fractionation occurs due o precipi-
taticn or methanogenesis (Clark and Fricz, 19973,

Carhonate dissolution does not oceur in the Tertiary sediments of the coastal plain,
which was indicived by the under-sauration with respeet 1o caleite and by the non-carbonate
source of disselved strontium {Section 6.3.3), Previpitation of siderite may lake place in
some parts (Section 6.3.40, which is accompanicd by some {ractionation. However, this
elfect will not be when inte account in this study.

Carhon is only added to the groundwater by liberalization of SOM. which is found (re-
quently as lignite in the lower Pliocene und Miocene sediments (D Audretseh. 1953).
Palynological data (Wymstra. 1969) show this SOM consist mainly of C3 plant material
tRhizopora and Pabmae). Analyses of Holocene peat with the sine plant material show that
dUC oy values vary from =25 o -31 % (Roeleveld and Van Laon, 1979 Van Viiet. 1998).
Tertiary SOM will prabably be enriched refative to these values because of breakdown of
the moere reactive urganic compounds, Marlinetli el al. (1996) found an enrighmeni of about
2 %, for organic mater ol Pleistocene age in Brazilian soils. Therefore. an average of ~25 %
is assunied for SOM in the Tertiary lormations,

Breahdown of SOM wkes place mainly by iran and sulphate reduetion in the Pliocene.
Miocene and Oligorene furmanions and resubts in inorganic carbon with 843C equal to its
source. In the more saline decper formations and in the Holocene clays methanogencsis
tukes place and produces ghly enriched inorgunic cacbon (> § %¢). As this signal obscures
the other proces«es. the samples with sabinities higher than 1000 mg/l have been left out.

7.3.2 Resulrs

The range of 8Cyc vatues of groundwaicr in the Tertiary formations is shown in
Figure 7.1. The analvses have been subdivided in age categories expressed in MC activities.
Though the samples cover a wide range of values between —26 and +2 %c, almost hall of the
samples (47 %) fall in the range of —17 10 =20 %¢. Note that no samples have been found in
the C activity elass between 30 and 45 %,

All sampies are enriched with respect 1o the initial soil carbon-dioxide formed under
C3 vegetation. presently covering most of the study area. Dissolution of marine carbonates
with B13C values between -3 to 43 %e (Clark and Fritz. 1997) is usually the cause for the
enrichment, but is absent in this case (Section 6.3.3). Methanogenesis as a possible cause of
enrichment is not likely either, because samples fram the saline and mostly methanogenic

6

7ones have been left out. Ina fow a5

samples the methanogenic cause
. N o~ 10 Age classes
for high 8'3C values (> -11 ) can in % pme ¢
be inferred from the anomalousiy 2 " <5
high TIC eontents. This ieads 10 2 B i5-30%
. a.
the hypc_:lhe,sns 1hat the d'*Cr\- E 20 B 30 45%
value of soil carbon-dioxide may .g D 45-60%
have been higher than af present. 5 15 0 »s0%
Two mechanisms may lead 10 the E
: 13 , T z2
typical 813 Crye- values of =17 to €

=20 %

L. Dissolution ol carbon-dioxide
£us in o soil under a vegera-
tion with a mixture of C3 (-
23,5 %) and C4 (9.5 %) TorSs e e
plants: it is noted that €3 and 3G,

C4 plunts do nol necessarily
have 10 be mixed within a Figure 7.1, Frequency of 813Cyy analyses for different
single vegetation 1ype: mixing  radiocarbon activily classes expressed as % of modem 4C
in the aquifers of groundwater ~ 2CHVily (pme).

formed under different vege-

1ations has the same effect,

[I=]

Dissolution of carbon-dioxide in the soil under a C4 vegelation (9.5 %e) lollowed hy
dissolution of carbon from SOM (25 %) under influence of iron and sulphate reducti-
on. Mixing leads 10 the observed range hetween —17 to =20 %a.
The first mechanism implies that the contribution of C3 and C4 plants to soil carbon-dioxide
is about equal and thal no earbon from SOM is added furher alung the groundwaier flow
paths. This nol likely as TIC of most groundwater samples ranges from 2 1o § mmol/l. which
exceeds the initial TIC of 1 to 2 mmoW). estimaled in Section 6.3.2. The sccond mechanism
is more realistic. but requires a vegetaiion dominated by C4 plants.

ln Chapler 4 it was conjectured on hydrauliv grounds. that the major pan of the
groundwater was fermed during the LGM and Early Holocene. At that Lime. cxtensive grass
savannahs covered the study area (Van der Hammen, 1974: Markgral, 1989: Van der
Hammen and Absy. 1994). Relics of these grass savannahs are the presemt patches of open
savannahs in the savannah zone and some isolated well-drained places in the Pleistocene
coastal plain (Jansima. 1994). (In the siudy area open prass and shrub savannahs cccupy only
30 % of the savannab zone). These grass savannah patches persist on the leached sandy and
silty soils hecause of the fow retention capacity for moisture and nutrients. Because the
madern savannahs are believed to contain the same plant species as the old savannahs. their
C3/C4 plants ratio was determined based on floristic studies of the modern savannahs
{Heyligers. 1963: Van Donselaar. 1965; Jansma. 1994). For species with a dominance factor
higher than | (surface coverage of more than 5 %). the photosynthctic pathways were
determined by eonsulting plant databases (Dallwitz, 1980: Dallwitz et al., 1993 and
onwards: Ehleringer et al., 1997). The results are presented in Annex IV. It appeared that 83
% of the dominant plant species, mostly prasses and sedges from the open prass savannahs,
belong to the C4 group. By contrast, in the savannah bushes and forests less than 7 % of the
dominani species have C4 photosynthetic pathways. For verification, plamt tissue of the most
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dominant grass (Peanivien micranthunn and shrub (Clusia fockeana) from the grass savannah
south ol Zanderij was analvzed in the CEOQ luborawory of the Groningzn University. The
assumed C3 and CJ character of these plants was confirmed by the 85C values of -29.95
and —13.95 % rexpectively, The general conclusion is that all grasses and sedges in the
open savannah area belong 10 the C4 group. while all dicotyledonous plants belong 1o the
C3 group. Therefore groundwaler rechurecd in grass savannahs is expected o have relative-
In high 33Cq ¢ values. §17Cq- vatues ol shallow groundwater sumples confirm this. though
they ure few in number: 83C,- villues of 3 samples are lower than =23 % (fully C3 vege-
tation), while one sample on the border of an open uriss sivaanaby has i §3Cpe of -12 %,
tmore thun 0 % C4 comribuliont.

The hypothesis is verilicd by determining the '2Co mass batance. Knowing the §13C
salues of dissolved soil carbon dioxide s (9.3 %) and mineralized SOM (-25 %) and (he
ol TIC coment and 8C value of & sam-
ple. the initial TIC content can be calcula-
ted. The outcome is o wide range of TIC
valnes, averaging around a valoe of |8
mmol/l. Figure 7.2 shows the resulis of a

o reverse calculation, where measured and
@ calculated 8" Cqye Tor groundwaier are
&o Q o shown for an initial TIC of 1.8 mmol/,
DnD %&: o Especially the large group with values bet-
o a ween -7 and =20 % seems Lo {if well, The
amount of 1.8 mmeol/l Tor inital TIC is
close w upper limit of the range of | 102
mmol/l estimated in Section 6.3.2.

The idea that Cd speeies dominaied
the LGM savannahs is corroboraled by
§13C shifts in organic material in Brazilian
soits (Martinelli e1 al., 1996). Shifis in §13C
of soil carbonates in New Mexico were also
related 10 change of C4 10 C3 vegetation
between 7 and 9 ku (radiocarbon} BP (Cole
and Monger. 1994).

0

I
o

ry
=]

ealculated $7Cie (g

-30

.30 -20 -10 0

measured C; . e

Figure 7.2. Measwed and cileukied 81'Cry. of
groundwater. based on mixing of nitial TIC (1R
nimaldly from dissolution of soil carbon-dioxide
gis 0 recharge area under C4 veaetaiion (- 10 %)
with secondary TIC from oxidation of sediment
armimic aaer -235 %),

7.4. Groundwaler dating with MC of dissolved inorganic carbon and 3H of groundwa-
ter

ZAL Irraduction

Groundwater dating. based on the exponential decay of radiogenic “C in dissolved
inorganic carbon (TIC), may be eomplicated by admixture of other carbon sources as discus-
sed above. In the siudy area. the situation is relatively simple. In the soil. groundwater takes
up paseous carhon-dioxide and therefore has an initial *C activity equal 10 atmospheric #C
activily. The fractionation by gas diffusion and dissolution, as discussed above, has a negli-
gible effect on the UC activity expressed as a percentage ratio to modern atmospheric car-
bon. Apart from soil cashon-dioxide dissolution. all other pracesses are assumed to take
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place under closed conditions (see above). Without admixture from other sources, ground-
water age can be determined according

55, =~8267In"
dy

7.1

where 1, = lime since groundwater recharge (+C age) and «,, and ag are the activivies of
the measured C and atmospheric C during recharge. expressed as pme [percentages 10
modern carbon in [950). As shown in Sectiens 6.3.3 and 6.3.4. organic material SOM from
the Tertiary formations is dissolved along the groundwater pathway and carbonate dissolu-
tion is neglegible. Since SOM is very old compared 10 the hall lile of 1*C, only “dead" car-
bon is added. which “dilutes™ the *C content of 1he initial carbon from the soil zone, Under
these conditions the corrected age 1, becomes (Clark and Friiz. 1997):

0, =—8267:;{“_~.FT‘5C_"~] (7.3

o,

rev

where 7JC, is tbe meusured TIC content of the sample and T/C,,, is the initial TIC content
after recharge. TIC,, values of groundwater from the Tertiary formations were caleutated
with the PHREEQC code from measured pH and bicarbonate contents of the samples and
ranged from 0.5 10 12 mmel/l {Annex 111}. Estimates for T/C,,, in the recharge area. hased
on s0il CO, pressures, range from 1 10t 2 mmol/l (Section 6.3.2.). Interpretation of the
31Cqyc values of groundwater learned that T/C, was probably close 1o 1.8 mmol/l.

Outside the present recharge areas (savannah zone and the Lelydorp sands). zround-
water is influenced 1o some degree by mixing with saline groundwaters from the Holocene
formations ahove or the Early Teniary and Crelaceous formations below. Because TIC and
HC content of these saline sources are not well known, all samples with chloride concentra-
tions higher than 1000 mgA (mare than § % seawater cantribution) were. again. left oul.

Apan from geochemical reactions. carrections may also be required for diffusive loss
of MC (Sanford. 1997) or dispersion (Johnson and Depaolo. 1996). However. these cormrecti-
ons cannot be applied. unless present and previous flow paths can be reconstructed in some
detail.

The inilial atmospheric activity a, in (1) and (2) has nol been a constant in time.
Almospheric ™C conlent has decreased steadily from 150 % pme at 20 ka BP to 100 % pmc
in 1950 AD. This effect has been accounted for by correcting +C ages by means of an empi-
rical relation based on calibration data from Stuiver et al. (1998).

o = =007, T 42007, T + 104735, )-71.299 (1.3}

e
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7.4.2. Reandns

In Figure 7.3 the uncorrecied
rudiccarhon ages 1, (Equation 7.1)
are plotted againsi the ages corrected
lor dead-carbon dissolution 17y,
1Equation 7.2y and mmospheric +C
acnvity £, {Equation 7,3). Mast
saniples show a sizable reduction in
age alter dead-carhon correction. The
correction Tor annaspheric HC activity
(Equation 7.3) vesults in an increase in
age Tor ages higher than 10 ka BP.

The radiocarbon ages are
checked by plotung 81*0 of ground-
waler against the corrected radiocar-
bon age (Fivure 7.4). The shift in §1%0
conient, marking the climatic change
ai the heginning of the Holoeene is
found around a radiocurbon age of 10
ka BF. which corresponds with other
grotmdw ater dning studies n 1he ro-
pics and subtropics (Kimmelman ct
al.. 1989 Stuwe et al,, 1995: Healon 2
al.. 1986; Swne and Tabna. 1998).
Although this does not "prove” that
the applied corrections are correct. it
docs indicale that there is, siven the
unceriainties, ne point o pursue fur-
ther corrections. The errors introduced
hy Deld. laboratory and correction
procedures create a large uncertainty
1 The Tinal gresndwater ages.
Especially the errors related 1o the
assumptions for the dead-carbon cor-
reetion are very crilical. These errors
are most probably systematic and, the-
relore, relative groundwater ages and
isochrones paucens are more signifi-
cant rather than absolule ages.

Dead-carhon dissolution
during pessage through lignite layers
in the Late Tertiary Formations is
accompanied by 4 rapid decrease of
MC content and explains the lack of
sampies with HC activities between 30
and 45 % as was noted above. This is
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Figure 7.3. Rudiocarbor ages for groundwaler
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Figure 7.4, Retation of 540 and radiocarbon age
of groundwater. Values have been corrected for
dead-carbon dissolution by oxidation of organic

maAatter.

25000

conststent with Figure 7.3, which shows L
that samples fow in 4C activity generally 1a
have higher TIC contents. n -.

Figure 7.6 shows the groundwaler B 8 »
ages in 4 North-South wansecl in the coa- & A L,
s1al plain. The carrected and calibrated : - = "m0 pme
groundwater ages in the Young Coasial g 4 . i ae O £ 15.30 pmc
Plair: range from 20 10 7 ka BP. These 5 . 19 45-60 prmc
aves demenstrate that proundwater has o a & ° & 50 pme
becn formed in a period before the seu o S
invaded the present coastal plain. when 30 25 20 15 05 0 5
there was still groundwaler flow in the Agn T,
Teriary (armutions (Chapter 4).
Groundwater in the Holocene coastal P’isuw 7.5. Totl inorgu_nic (_:ufbun C(jl"ll.ﬁll‘lh :nd
pa. erfore. cun b dentedas e, ©°Cr S romduon i o,
groundwater {definition in Section 2.4).

HC activity (pme).
As would be expected. younger ground-

water is only found below the present
vecharge areas of the suvannah zane and the Lelydorp sands, where groundwater has nat
been affected by sadinizadon (Sections 3.6.2 and 5.6.1}

Although there are not many data. the subhorizontal isochrones in the Holocene coa-
stal plan indicate that. during the Late Wisconsinan, recharge to the Tertiary aguifers was
more widespread, as was derived from the paleohydrological model discussed in Chapter 4:
il paleorecharee would have been confined 1o the present recharge areas. the isochrones in
the Holucene coaswl plain would show a more obligue pattern.

Soum
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Figure 7.6. North-South geological section in the coastai plain of Suriname with groundwater ages
and salinidcs
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Fipure 7.7 Weightied monthly averages of siable-isolepe composition in rainlull at C:l_vunnc._Frcnch
Guiuna 11962 1w 19731 wad Beleaw. Bravil (1965 - 1985) and in groundwater around Parinaribo,
Surtame, Rainfatl daw are derived from the IAEA/WMO GNIP dambase.

Figure 7.8. §'%0 pattern of average yearly rainfall aver Nonth and South America, Africa and Europe
(After Rozanski ct al., 1993)

7.5. Reconstruction the palecclimate with stable §13Q and 5*H isotopes in rainfall and
groundwater

7.5.1. Intraduction

The stable §'%Q and 8°H isotopes ol groundwater may contain paleoclimatic informa-
tion as they reflect the solopic signature of precipilation at the 1ime of recharge. First we
will have u closer look at spatiat and temporal stable-isolope patierns of tropical rainfall, as
they are somewhat different from those a1 middle lmiudes.

The relation between §#Q and 82H of ropical rainfall deviates slightly from the
Global Meteoric Water Line (GMWL) shown in Figure 7.7 {Rozanski et ul.. 1993 %

§H =8.178"0+11.27 (7.4

The slope of Tocal metcoric water tines (LMWL in the wopics is often smaller because of
the “amount effect” {Dansgaard. 1964). Relatively light rains appear 10 he enriched in d'¥0O
and d2H in comparison o heavy rains. The overall effect is that the slope of the LMWL
threugh the data poims is smailer than 8. According to Dansgaard (1964). the main cause is
evaporation and, hence, enrichment of raindrops of light rains. Other explanations for the
difference between light and heavy rains proposed by him are: (i) exchange with “heavier”
atmaspheric moisture helow the clouds, which tends to have more effect on light showers.
and (ii) gradual depletion of the condensate during rain development resulling in low isplop-
ic content in prolonged rain showers.

The average weighted 8'%Q-values of precipilation of various meteorological stutions
displays a worldwide spatial pattern (Figure 7.8). calied the “latiwde effect” (Dunsgaard,
1964). Superposed on this pattern are “continemal effects” and “mountain effects™
(Dansgaard, 1964}. These patterns resubt from Rayleigh distillation taking place during con-
tinuous condensation and rainout (rom water-vapor masses, which are moving from warm 1o
colder regions (Merlivat and Jouzel, 1983: Van der Straaten and Mook 1983). Consequently.
average weighted 3440 of precipitation is linzarly related to the average yearly lemperawre
ai the meteorogical station (Jouzel et al.. 1994). The relation of spatial pauerns with tempe-
rature does not exist in {sub)tropical regions with average temperatures above 20 vC.
Relevant for Suriname ix the study by Salali et al. (1979). who auributed the small easi-west
eradients in stable-isotopes of rainfall over Amazonia 1o recirculation of waler by evapotran-
spiration from the rainforests.

Seasonal o secular lime variations in the stable-isotope composition of precipitation
are also related 1o lemperature varations in middle and high latitudes (Rozanski et al.. 1992,
1998). A AB'8Q/AT value of 0.6 is generally used to calculate the difference between the
LGM and present lemperatures. This vatue includes the corvection of abow 1.1 % lor the
higher '*0 content of ocean water during the LGM (Shackieton. 1987: Jouzel et al., 19941,
Just as the spatial relationship. the large-scale temporal refationship is absent in the tropics
and subtropics according 1o Rozanski et al. (1992, 1998) and Stute et al. (1995). The reason
is that distance and temperature difference between the tropical landmasses and the oceans
(vapor source) are small, also during the LGM. Therefore, isotopic depletion of water vapor
by Rayleigh distillatian during rainout is limited and not much effected by global cooling.

Nevertheless, tropical and subtropical America and Africa were about 4 10 6 °C col-
der during the LGM (Heaton et al., 1986; Stute et al., 1992, 1995: Plummer, 1993; Dution,
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1995 Siute and Bonani. 1995: Clark et al.. 1997, 1998: Swie and Talma, 19981, Some rese-
archers il relate §%0O depletian of 03d groundwater in the tropics 10 u lower LGM enpe-
ratwre. like Sanford and Buapeng (19965 for groundwater at Bangkok and Heaton ¢l al.

[ 19K6) tor groundwater at Uitenhage. South Alrica. In most other arens depleted and even
enriched 80 values of paleneroundwater are explained ditferently. In Windhock and
Sabthloch in Namibia. Vogel and Van Urk (1975) discovered Line Pleistocene groundwater
with 80 values depleted by 2.4 5 with respect tw recent groundwaler. which they airibu-
tedd 1o recharze in distant and more elevated areas during hat period. Swie and Talma (1998)
reported 1sotopically enriched (1.3 %) groundwitter of LGM age m.lhc S_lumpnc.t nqu1.!er
alsa i Numibie They suggested than this was cavsed hy the advection of Atlantic moisturc
wourees during the LGM, Also. the Floridan aguifer tsoutheastern USA) contains Pleistocene
arogndwter eoriched in ™0 isotopes (2.3 %) Plummer (1993) auributed this o an intensi-
ention vl sumnier ropical storms during the LOM. Clark e al. (1997) found groundwater
in the same region. which (aller correcting for the enriched glacial oceunt was slightby
deptoned with (1.6 % They suggesied that this was due 1o the Jarger distance o the ¢oastling
durine the LGM tconunental ¢lfect). Earlier. Love et ad. {1994) propuesed the same mecha-
nism hlu eapliin the sarying degree of 'O depletion in Pleistocene groundwaters in the
Orway Basin in Australia. Arownd Jukarta in indonesia groundwater does not show any
chanees al all in 8350 throughout the EGM and Holocene (Geyh and Séfner. 1989). In the
Liru:J Artesian Basin in Australia, groundwater with ages ranging from recent to 300 ka BP
Jiows latle variztion in stable-isotopes (Alrey et al.. 19793 Though Stute et al. (1995) do
ol repart §50 duta in their paleoiemperature study of nﬂrthcaslcrp Brazil. they state L.hul
stable-isotopes are not related o palociemperiture. Another study in the south of Brazil
Jhawes Plemstocene groundwater depieted in 820 by 2.5 % ¢ (Kimmelman el al.. 1989).

Care should be taken in using groundwater os an archiive for the isotapic composition
of pust precipittion. The isotoptc composition of groundwater mnay nol be equal o the
weiehied averaze composition of precipitation if recharge is conlined 10 a centain season.
IikuLBrinklnnnh el wl. 11963) and Vogel and Van Urk (1975) inferred for the Rhinc valley
and Namibia, respeciively. The stable-isolope composition of groundwater may also be
affected by evaporation o solopic exehange with the rock matrix. bui these effects may be
recognized as o departure from the GMWL or LMWL, provided onc analyses both $'%0 and
67H.

T2 Resulis

[n Figure 7.7 stable-isolope analyses of rainfall {(monthly weighted average) at Belem
ond Cavenne and groundwater from study area around Paramaribo are presented.
Groundwaler and Cavenne rainfall analyses plot along a sioilar LMWL

S H=0148"0+4.87 (R =087 1.5

Althuugh the correlation coefficiemt for the groundwater samples is low (0.60) compa-
red 1o that C;\'enlic rainfail (0.87), there is siatistically no difference between the 1wo popu-
lations. Therefore, it is reasonable to assume that the weather system at Cayenne is represen-
tative for the Paramaribo areg, The LMWL of Belem rainfall differs slightly from the
Cayenne/Paramaribo LMWL because of some extreme values, but the majority of the Belem
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daia fall in the same domain as Cayenne 600 Cayeone 0
and Paramaribo data (Figure 7.73. The 500

“amount” effect, discussed above, can be 400 -1
recognized in the retatively low slope and

low intercept us compared (o the GMWL, 300 -2
Thix elfect seems also apparentin Figure  _ 200

7.9 showing the negative eorrelation bel- ﬁ 100 3
ween average monihly %0 values and E 0 e ?5
average maonthly ruanfall smounts for E 500 | goiem D o
Cavenne and Belem. (As discussed = 400 .-
above. the pattern does not correlate with € -2
manthly wmperature, which hardly varies £ 300 3
anyway in this region} The supposed cor- 200 4
relation with “amount™ is much weaker if 5
the isotopic compasition of daily rainfall 100 e -6

is analysed for diata from Belem (Martsui - 2180

et al.. 1983). In Figure 7.10. the daily T mami] asond

records are shown for the wel seasan . - .

L ) o Figure 7.9. Average monthly rainfall and weighted
Wanuary L0 June) and the dry scason. monthly average of 310 in ruinfalt ut Cayenne, French
Guianis and Belem, Brazil. Basic dut lor Cayenne cover
the years 1962- 1975 (IAEA/WMO GNIP database) and
ference is much SLrONZEr. A% Wel $eas0n 1995 (Negrel et al.. 19971 For Belem data are from the

and dry season rains of the same amount  Yeurs 1963-1985 (IAEA/WMO GNIP dulabase:.
differ by about 2 %:. Therefore, the

monthly averages of %0 in Figure 7.9 are not s¢ much retated o “amount”, but rather (o
seasonal diffcrences in vapour origin, eondensation process or ambient air humidity.
Dansgaard (1964) studied daily rainfall data from Binza in Congo and concluded that air
humidity bas an important effect of the siable isotopie composition: lower air humidity caus-
cs stronger evaporation and (ractionation of the raindrops.

Rains in both seasony display a small
amount effect. However. the seasonal dil-

Fipure 7.10. Duily rain- 10
lall smoums and $HQ
values of 400 daily rain-
falt sumples w1 Belem
from 1978 to 1980.
iData from Mautsui el al.,
19831 Rains from the
relatively wel season
(hauuary (o July) and
relutively dry season
(July tol December) are
depicted separatciy. 20- a
POINL Moving averages
of 310 are calculated
for daily rains in order -
of increasing magnitude.

© wel season e dry season

1 g )

»'80

— ©
20 pls maving average of preciplaiion Q ° e
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As climatic condilions in the Guianas and northeastern Brazil are not essentialty diffe-
rent. also the seasonal isonopic behaviour of rain at Cayenne and Paramaribo is related
seasonil weather conditions, rather than amount. Rainfall ar Cavenne and Paramaribo is
nurrked by two relatively wet and rwo relatively dry seasons, related to the passaze of the
ITCZ vver this region twice a year. Figure 7.9 shows that, in particular, the rains from the
Jong rainy season from Aprii o July have depleted values below -2 %,

Rainlall during 1he long rainy season in Cayenne is higher than in the study area
around Paramaribo (compare Figures 7.9 and 3.2). Therefore. the weighied yearly average of
stable-isetopes in rainfall w Paramariho will be different from that al Cayvenne. The former
has been caleubated assuming thar the monthly isotopic comiposition at Cayenne and
Paramaribo are the same. This assumption is based on the ohservation that the isolopie com-
presition in thas region is related 1o season rather than ameunt. Calculations show that avera-
v bl at Paramaribo is sleehily enriched with respect to thal of Cayenne {Figure 7.11).

Most groundwater samples are depleted with respect to the average ruinlall signature
1 Figure 7.11% The maost probable explenation is that recharge mainly occurs during the
months of the short and long rainy season. when rains are relatively depleted. This wus alre-
ady concluded in Section 3.5.1. on the basis of monthly rainfall and potential evaporation.
Indeed the weighted average of modern recharge water, calculated from stablc-isotopes of
precipitation during the 8 wetlest months, is elose (o the composition of average Holocene
groundwater {Figure 7110

Groundwiter of the LGM and Early Holocene is depleted in comparison to younger
sroundwater: overage 30 of LGM and Holoeene groundwater arc —2.9 % and -2.5 %
respectively. The actual difference is larger if the effect of the enriched glacial ocean (1.1
“+1 i~ mcluded. The review in the introduction ubove made clear tha the LGM/Holocene
isatopiv shift is not related (e the temperature shifi. Hypotheses related to different water-
sapar sources and weather sysiems are not likely, as these have not essentially changed in

a Figure 7.11. Yearly
weighted averages of x1a-
e o ble-isclope composition
of ruinfall at Cayenne and
51 Paramiribo and stable-
5 ° tsonope composition of
o groundwaler around
o o Paramaribo.
19 4 ]
. g, @ o
_ olih od o AQ)no
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Z ‘bﬂ o gp
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this area. Larger distance to the LGM shoreline (about 100 km) does not explain the shift
either. as 8'%0 gradients in present rainfalt over northem Amazonia are only 0.75 % per
100G km or less (Salati et al.. 1979). In the presem study the more seasonal rainfall patiern
during the LGM is proposed as a possible cause. According 1o palynological studies (Van
der Hammen. 1974) and global climate models (Kutzbach e al.. 1998 rainfall during the
LGM was about half of the present amount of 2200 mm/a and restricted Lo a single rainy
season coinciding with the presemt long rainy season during April through July, Groundwater
recharge during the LGM 100k place only during this rainy season with a stable-isotope
composilion comparable to thal of present-day rainfall. The §'%0 of this palecrecharge water
has been determined by caleulating the weighted average from the four wetiest months (sce-
nario a) and the (wo wellest months (scenario b) of preseni-day rainfall. Figure 7.11 demon-
strates that the paleorecharge water according to scenario 1) is close 10 the average isolopic
composition of Pleistocene groundwater. However, it the correction for the enriched ocean
during the LGM (1.1 %) is applied. paleorecharge according o scenario b is more likely.

7.6. Discussion and canclusions

8t3C analyses in combination with hydrogeochemical information show that the dissol-
ved inorganie earbon (TIC) results from dissolution of carbon-dioxide gax in the soil zone
and mineralisation of sediment organic matter (SOM). The d!?C mass balance demonstrates
that in most samples in the coastal plain soil carbon-dioxide gas has been produced under a
vegelation dominated by plants with a Haieh-Slack (C4) symhetic pathway (O’Leary. 1988).
However. today C4 plants are not common in the natural vegetation types of the study area.
consisting mainly of dicotyledonous plants (Lindeman and Moolenaar. 1959; Teunissen.
1978). Data from floristic siudies revealed thal C4 plants {grasses and edges) are currently
dominant only in the open grass savannahs found in some isolated parts of the study area
{Heyligers, 1963: Van Donselaar. 1965: Jansma. 1994}, Since most groundwater dales from
the LGM and Early Holocene. open grass savannahs must have covered the major pan of
the coastal plain during this interval. This was also concluded by Van der Hammen (1974)
on the basis of pulynological data. The presem open grass savannahs in the savannah beh
are supposed 10 be relics of these vast grass savannahs during the LGM (Teunissen. personal
communication).

The 8*Cyy¢- values appear to be influenced by loss of CO. during sampling and truns-
port. For these acid waters, it is recommended to carry out pH and alkalinily tests botb in the
field and prior 10 processing in the laboratory in order to check, and if necessary. 1o correct
measured 5I3CT|C'

Groundwater ages in the Teniary formations of the coastal plain of Surinume vary from
recent to 30 ka BP. The outcropping Pliocene sands in the savannah zone in the south con-
tain recent groundwater: the high tritium contents (UNDP. 1972) indicate that the major pan
of the groundwater has been recharged after 1950. In the coastal plain northward of
Republiek. groundwater agesate genetally higher than 1000 years and more mineralised.

locene groundwater (1 10 5 ka BP) is found in mper part of the Pliocene forma-
tion. The recharge zone of the Lelydorp sands is marked by a downward protrusion of this
relatively young groundwater. Groundwater in the major part of the coastal formations is of
Early Holocene to LGM age. This supporis the conclusion from Chapiter 4 that the large
body of stagnant groundwater in the coastal plain is paleogroundwaier formed before the

&7



marine inundarion. In that period the lower and the more
and the erosive relief of the voastal plain led 1o small. by mare widespread. recharge in the
entire coastal plain, Despite the low accuracy of the ages. the subhorizomsa! position of the

isuchrones suguests hal groundwier recharge wis not confined 1o the present recharge
areits.,

northward position of the coastline

The amount effect can be obscrved in the weighted mouthly aver
composition (8%0 and 87H) in cuinlill at Belem and Cavenne. localed 350 km east and 1100
km southeast of the study ares, However, the amaount eflect largely disappears in the analy-
sex ol daiby ruinfall w Belem (Matsui eral.. 1983, 10 s therelore concluded that the seasona
L\l:lhlc-i.\nlupc patiern is more related 1o specific weather sysiems rebuled to the position of
the bter-Tropical Convergence Zone (ITCZ). The sumimer tonsoon rain, talling during the

northward passage of the ITCZ from April 1o August ong rainy season). has the most
depleted viues.

uges of stable-isolope

Averuge Holocene groundwiter in the Susin

ame coustat plain s depleted with respect
W avernge cainfall it Cayenne

| and Paramaribo. The depletion with respeet 1o rainlall is aur-
(Puted 1o the Tact that recharse kes place mainly during the wet months of the shopt and
Jlong rminy seasons which has more depleted ruins (see also Section 2.5.1). Average
Pleistocene groundwater ts even more depleted than Holocene groundwater, which in the
ltrupil:.\ ix not related 1o the colder climate, The tow 8150 and §7H vilues probably indicate
that palearecharge was restricted 1 a rainy seiuson during boreal summer, similur to the pres-
ent-day long rainy season, wineh is the wenest period with the most depleted rains. This is
lm agreement with oiher studies stating than rainfat! during the LGM was lower and more
~aiseitad than woday (Van der Hammen., [974: Markaral 1989, 1993; Van der Hummen and
Absy. 19945 Kuzbuch enal., 1998). The differen climatic patlern is probably related 10 the
stafied position of the ITCZ during the LGM.

Parr 11

Generic investigations into the ori gin of offshore meteoric
groundwater

89




Chapter 8.

Worldwide observations of offshore meteoric groundwater

8.1, Introduction

The preceding chapiers dealt with the puleohydrological processes that have led to the
rather specilic prouadwater conditions of the Suriname coastal plain, notably the vast body
of meteoric groundwaier (defined in Section 2_1.) exteading 1o more than 90 km ofishore the
Suriname coast. The question now arises, how abnormal is the Suriname case compared (o
other coastal plains worldwide? And cun we stale something in general about the origin of
offshore groundwater? This is an inportant question as. in many classical concepts of coa-
stal hydrology, the meteoric groundwater domain is still supposed to end somewhere near
the coastline.

Although sysiematic surveyvs of offshore groundwater arc rare, an attemps is made here
to revicw a number of abservations of offshore meteoric groundwater. In this case “offsho-
rc” means a distance of more than a few hundreds of meters from the coast. since the pre-
sence of meteoric groundwaler in the very ncar-coastal zone would be considered “normal™.
The observations are divided into two groups: ohservalions of submarine groundwater dis-
charge und observations of groundwater in wells and boreholes.

8.2. Submarine groundwater discharge

Meleoric graundwater may discharge directly 1o the seu via submarine springs and as
diffuse seepage through aquitards, This form of discharge of meteoric groundwailer is a suh-
stantial pan ol the world hydrological balance. Zektser and Loaiciga {1993) estimate that
tota) groundwater discharge is about 6 % of the river discharge o the oceans. while the dis-
solved solid dischurge by groundwater is even 52 % of the discharge by rivers

8.2.1. Submarine springs

Submarine springs are well known all over the world. Their occurrence and functio-
ning is described by several authors (Kohout. 1966: Swringfield and LeGrand. 1969. 1971:
Zekizer el al., 1973; Custodio. 1987). The coasts of the Mediterranean, Black Sea, Persian
Gulf. Florida. Yucatan (Mexico) and the Caribbeon are well known for this phenomenon.
Submarine springs are also reported from Hawaii. Samoa. Australia. Japan. Norway and
Chile. Sirabo and Plinius the elder. writers from the classica) world already described this
phenomenon (Kohout. 1966). The laiter repons how groundwater from such a spring near
Arvad. an island 4 km off the Syrian coast, was diveried by a lead bow] placed on the sea
floor over the spring: the pressure, built up under the furrel, forced the water through a long
leather hose 1o the sea surface (Figure 8.1). Spectacular is also the account by Williams
{1946) of submanne springs around Bahrein in the Arabian Gulf. Until recently these
springs were used by local water vendors, who dived down 10 the springs and filled deflated
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Figure B.1. Captation of suhmirine springs s Svria and Babrein

soatshin bags (Figure 8.1, Springs can be observed either hy lhe cyc at the sca surlage as
hoils dilTerent coloring wl the water or slick and smooth seu surfaces. or by measuring salin-
ity electrical conductivity and temperature o seawater. Discharges can be quite high: based
an sl nass-halanee caleulations. Kohout (1960 estimated & discharge of 42 myfs for a
spring 4 km ollshore from Creseent Beach, Florida.

Circumsianlial evidence for the presence of springs is provided by geomorphological
feitures at the sei hottom like kurstic cavities (blue holes). slumps resulting from groundwa-
ler supping in steep submaring canyons and “pockmarks”, (circular depressions on the seal-
loory (lobnson. 19392, 1939h: Hurrington. 1485: Robb, 1990). Indicative are alsa deposiis of
rran- and manganese-oxide precipitined on the sea {loor {rom reduced groundwater enlering
the oxic oceuan (Manheim, 1967).

Crenerally. the springs. are related o discharge points of karstified aquifers of carbonae
rocks or basalis, Tike the Mediteimancan coasts (Zekster et al., 1973). Springs may also be
retawed 1o stratigeaphic. struciural or erosive windows in aquicludes. where meteoric waler
emerges from underlving confined aquifers (Kohout, 19661 Most reporled springs occur at
water depths less than 40 m (Custodio, 987! and within 5 ki {rom the coastline. Custodio
119871 reasons that the submarine springs in carbonate terraim have been formed by karstic
thsxolution during low sea levels. Manheim and Horn (1968) report the existence of springs

at much larger depihs onihe continental sjiopes. though their discharge may not be melteoric
groundwater.

Submarine discharge by diffuse seepage is more difficult to ascertain than by springs.
though according to Zekster et al, (1973) it accounts for the major part of groundwater dis-
charge 10 the sea. Submarine seepage may be observed and quantified by means of salinity
and hydraulic head patierns beneath the sea floor {Kohout, 1964), secpage meters (Lee,
1977. Simmons et al.. 1992) or analyses of chemical and isotopic tracers in seawater like

salinity (Guglielmi and Pricur, 1997), radon (Cable er al.. 1996a. 1996b), radium (Moore.
1996; Cable ei al.. 19973, methane (Cable et al.. 1996a) and barium (Shaw et al., 1998).
Benthic bioindicalors like dialomes may atso reveal seepage zones (Piekarek-Jankowska,
1996). Sometimes very hizh seepage raies are found with these methods (5 10 70 mnv/day.
The widtls of the area over which these seepage rates have been calculuied vary from 2 10
20 km. which implies that the aquifers must transmit large quantities of groundwater ranging
from 20 to 1400 mYday per meter width of the coastline. These flows would require agui-
fers with extremely high transmissivities and also very large vecharge areas. IUis questiona-
hie whether these methods actually quantifly the seepage of meleoric groundwater [rom the
underlying aquilers: tracers may not he representative Tor meteoric groundwater or there is
seepage of seawater ctrculating through the upper seufloor sediments.

Promising is the study of groundwaler seepage based on concentration profiles of con-
servalive tracers in pore watcres ol sealloor sediments. 1f seepage rates are low, the concen-
tration reflects the competition of advective and dilfusive solute transpost. Post et al. (2000)
used chioride concentrations. 'O and *C! isolope ratios for a site 50 km oll the Dutch
coast. They concluded that there was no upward scepage. but only downward salt diftusion.
Pickarek-Jankowska (1996) determined chloride concentration, %O and 2H isotope analyses
in pore wier trom sediments in the Puck Bay near Gdansk, Poland. Groundwater seepage

was nol quantificd wikh these data. but seepage rates of 0.4 mm/day are reporled based on
regional groundwaler low calculations.

8.3, Meteoric groundwater in offshore boreholes

Well log data (rom oil exploration and production wells could provide a wealth of
information on offshore groundwater. However, data are ofien classified and in most cases
the first few hundreds of meters are not logged. Nevertheless some interesting publications
are reviewed below, indicating the presenee of offshore meteoric groundwater. The locations
are shown on the world map in Figures 8.2a 1o 8.2c.

831, Nemmeket island (USA) — Atlantic Qeean

Kohout et al. (1977) describe a borehole al Nantucket Island. 70 km of( the Atlantic
coust at Cap Cod (USA) traversing a 457 m succession of Quaternary and Tertiary ¢lastic
sediments on basement rocks. Fresh groundwater (< 1.000 mg/1 TDS) was found until a
depth of 158 m below sea level, foliowed by a zone with alternating layers of brackish and
saline water until 350 m. The basal sands laycrs below 350 m contained water of a relatively
low salinity (< 2.000 mg/l TDS). As the piczometric head in the upper fresh water is 3.6 m
above msl, it is concluded that this groundwater is a lens of recently formed fresh water flo-
ating on saline water. In the basal sands, however. a groundwater head of +7 m with respect
1o sea level exists. whiie the head has a landward gradient. as inferred from measurements in
a well on a nearby island. Kohout et al. (1977) assume that groundwater in the basal sands
was formed during the last glacial and is now being forced landward by the encroaching
wedge of seawater on the continental shelf. They further state that the landward drive may
be particularly strong because the aquifer is in direct hydraulic contacs with the sea through
outcrops on the shelf slope (Rona, 1969)
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8.3.2. New Jersev and Marvland {USA) - Atlanitic Ocean

In 1976. a series of boreholes were drilled for the (AMCOR) Atlantic Margin Coring
Program (Hathaway et al.. 1979}, In thix scientific program also pore water squeezed from
sedimenm samples was studied. A ransect of 3 horeholes perpendicular 10 the Atlantie coast
of New Jersey {USA) showed that groundwaler with salinities less than 5,000 mg/l TDS
extentds 100 km olfshore (Figure 8.3). This meteoric groundwaler is found between L and
300 m below m.s.b, in the Miocene {Kirkwood Formation) and in Pliocene formations (see
Frgure 8.3}, In another AMCOR well further south, some 20 km offshorc of Maryland. even
fresh. potable groundwater was cncountered. Along the eastern and bottom fringes of the
meteorc wiler, very wide transition zones are found, while there is a sharp wransition i the
10p.

The New Jersey transect wus the hasis for the paleohydrological modeling siundy by
Meisler et al. (1984). The mode! showed that the offshare interface is now very slowly
moving landward, They concluded that the high requency of the Quaternary sea-level oscil-
lations caused only small movements of the interface and that its position largeiy refleets the
average sea level during the Quaternary. Meisler e1 al. (1984} concluded that the wide ransi-
tioh zone around the interface is 1be result of the larger periodicity of sea-leve) movemenis
during the Miocene and Pliocenc. A refleetion of the 10 and fro movement is the hydroche-
mistry of the offshore aroundwater. The more dilute metcoric groundwater shows a sodium
surplus with respect to mixing of meteoric and marine waters. while more brackish and sah-
ne waters show a calcium surplus. Assuming that this patiern is caused by cation exchange.
it sugaests that closer 10 the coast freshening dominates. while in the transition zone salini-
zalion is waking place. Before sroundwater development started in the last century, ground-
water heads were artesian (Kohout et al., 1988). which indicates that, close to the shore. the
meleoric troundwater body may belong to a opography-driven {Tow domain.

8.3.3. Georgia (USA) - Atlantic Ocean

A wansect of JOIDES wells and two cxpioralion wells offshore southeast Georgia
{Figure 8.3) revealed a body of meleoric groundwater (Cl concentration < 2,000 mg/l) in the
Eccene Ocala limestones extending 120 km offshare and almost reaching 1o the shelf slope
(Manheim, 1967). Analyses were carried oul on pore waters squeezed from sediment samp-
les. Later a drill stem 1est on an oil exploration well, 85 km offshore and nearby the JOIDES
rranseel. produced grosndwater with a coneentration less than 700 mg/l (Kohout, 1966).
Also, the resistivity fog of an oil exploration well at the shelfl edge showed the presence of
braekish water in the upper 900 m (Manbeim and Paull. 1981). The 1op of the meleoric
waler hody slopes from -50 m (with respect 1o sea-level) 10 -200 m at 120 km offshore. The
base of the meteoric groundwater body ranges from 1.000 m at the coast (o at least 600 m at
the JOIDES well at 120 km offshore. During drilling. a hydraulic head of 9 m above m.s.l.
was measured in the JOIDES well at 40 km offshore (Manheim, 1967). Stnngfield (1966)
ceports onshore artesian heads in the prepumping period of +18 m with respect to sea level.
He ealculated that this head would be sufficient to force meteoric groundwater through the
highly permeable Ocala aquifer 10 a supmarine outlet at some 100 km ofishore. Kohout et
al.. (1988) and Manheim (1967) assume therefore that, until recently, the offshore meteonic

groundwaler body was part of an active flow system with onshore recharge and submarine
discharge on the shelf slope.
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8.3.4. Geargiu (USA ) - Atlamtic Ocean

Maathuis et al. {19961 report the presence of metearic water in wells in the coasial
plain near Jakarta and two coral-reef islands, Palau Kapal and Palau Danar. at 5 and 15 km
oftshore {Figure 8.3). Groundwater wilh chioride conlents Tess than 1.000 mg/1 is found bet-
ween depths of 30 10 300 m. Hydraulic heuds in the island wells are close 1o sea level,
Therefore deep (resh groundwater in the island wells cannot be par of a recently formed
lens recharged on the island iself. Tt must have been formed by another flow system. In the
Jakana coastal plain. the hydraulic heads of deep meteoric groundwater. measured before
large-scale groundwater pumping stanied, range from 5 to10 m above mus ). *C data of this
groundwaner indicate Pleistocene ages exceeding 30 ka BP (Geyh and Stfner. 1989). This
suggests that the offshore metcoriv groundwater is formed by an old topography-driven flow
systemn recharged in the hills south of the coastal plain. This flow system remained active
during the Holocene, though gradients must have been reduced afier the rise of the sea Jevel
{Geyh and Séfner. 1989).

8.3.5. Pori Harcourt (Nigeria) - Alentic Ocean

The resistivity logs of 12 oil wells 15 10 40 km offshore Port Hareourt in Nigeria adi-
cate the presence of groundwater with concentrations ol less than 1.000 mg/l chloride bet-
ween depths of 120 to 450 m below seu-level (Shell. unpublished data).

8.3.6. {Jiwiden (Netherliands) - North Sea

A shallow well drilled in the North Sea, 60 km offshore from Umuiden on the Dulch
coast. revealed the presence of brackish groundwater (Post ey al., 2000). The well was dril-
led only 5.5 m into a clay layer (Brown Bank Formution exposed at the seafloor. Pore-water
samples squeezed from sediment sumples showed that chloeride concentration decreased
from 20.000 mg/l a1 the sea {loor 1o 9.000 mg/l a 5.5 m depth. Post et al. (2000) showed that
the vertical decrease ol chloride concentrations could be explained by salt diffusion from the
sea into fresh groundwater starting 8500 vears BP, when the sca submerged the southern
North Sea.

8.3.7. Shanghai (China) - Chinese Sea

Meteorie groundwater was found in a well berween depths of 150 10 320 m on ene of
the Holocene Shengsi islands, 50 km offshore in the Chinese Sca. near Shanghai (Wang.
1994). Graundwater deeper than 229 m appeared even 1o be potable. It is unlikely thal this
groundwater has been formed during recent imes. Moreover, groundwater onshore al the
same depths is of LGM age (Hua Aibing. 1998).

8.4. Discussion and conclusions

The observations show that meteoric groundwater. observed in wells 10 to 100 km
oftshore. is not restricted to Suriname, but occurs all over the world. Accounts of submarine
diseharge are even more numerous, though generally the discharge is located closer to the
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shore. either as springs or as diffuse seepage. Despite the scanty and ill-documented obser-
vations. | conclude that the offshore meteoric groundwater can no longer be considered as
an exceplional phenomenon.

Most observalions do not make cleur whether the meteoric groundwater belongs 10 an
active lpography-driven flow svsiem with onshore reebarge. or 1o paleogroundwier for-
med by extinet fTow svstems. The New Jersey coast is the only case, in which the distal offs-
hore meteoric groundwater can be designated as paleogroundwater (Meisler et al.. 1084),
Submarine discharge will generally be o sign of an active Now system, but it may also be
dischurge of o very large paleogroundwater body. that is slowly squeczed oul by .dcnsiw-
cI.rivcn forces after the Holocene transgression. Age is not always a diagnostic marker r:'ilher.
since very ofd groundwaler may siill belong o an active wpography-driven flow svsiem
with a very long residence time The same upplies o satinity: in coastal and offshore dis-
charge areas very wide dispersive ransnion zones exist (Sousa and Voss. 1987). where brac-
kish groundwater is still part of the active Now domain. The next chapters will address 1his
question in more detail.

This study and that of Mesler ei al. (1984) show that a flat and shallow eontinental
shell and 4 thick. comtinuous formation of low permeability below the sea floor, wogether
\\'jlh_ciim;ue and secondary 1opography, are the most important conditions for the formation
of viTshore paleogroundwater, A worldwide inventory of these conditions would be useful 1o
predict the presence ol offshore paleogroundwiner, which may become an exploituble

resource in Tuture. The world map in Figures 824 10 8.2¢ shows exlensive continentul shei-

ves and many inland seds with depihs less than 100 m. These olishore areas were exposed
during the LGM and favored paleogroundwiner formation.

Chapter 9.

Prediction of the offshore continuation of coastal groundwater
flow systems

9.1. Introduction

There are many abservations of oflshore metcoric groundwater. as discussed in
Chapter 8. However, in many cases, the observations cannot conelusively indicate whether
Lhis groundwaier is (;) paleogroundwater, Tormed by extinet flow systems or (i1) groundwa-
terin o modern Mow system with onshore recharge. This can only be estublished with a
dense offshore observation network of beuds or pressures. which is quite costly, Kohout
{1964 carried out such a detaited survey of offshore groundwater close 10 tbe shoreline in
Biscayne Bay, Florida. In tbis chupter the guestion abow the origin of oftshore meteoric
groundwater 15 addressed indirectly: given the present conditions, how far could fresh and
meteornc groundwaler penctraie into the oflshore?

Reilly und Goodman (1985}, Custodio (19871 and Kooi and Groen {20011 reviewed a num-
ber oi' models and concepts delining the submarine extension of [tesh groundwalter.

Through time, the complexity ol the models increased. Figure 9.1 schematically
illustrates a number of classical studies that employed various levels of approximation in
maode! culculations and various subsurfuee conditions. First analytical solutions were found
lor sbarp-interface models in phreatic uguifers (Badon Ghijben. 1888: Glover, 1959) und
semi-contined aguifers (Edelman. 1972; Mualem und Bear. 1974). Later numertcul codes
were developed for shurp-interfuce models 10 allow incorporation of spatial geological
heterogencity aud non-swationary maodelling (Essaid. 1986. 1990: Meisler et al.. 1984).
Diflusion and dispersion processes along the [resh/saline interface were studicd analytically
by Henry (1964) und faicr incorporated in numerical codes (Huyacorn et ab., 1987 Voss and
Sousa. 1987: Oude Essink. 19961. However, none of the above models accounted for the
potential instability of an inverse salinity and density stratification in the twp of the offshore
metceric groundwater body. Such instability leads Lo the development of convective densily
currents (when a crincal Raleigh nuisber is excecded). Kooi and Groen (2001} devised an
approximale model (AM). that determines the distance from the shore 10 the place where the
inverse stratification in an aquiter becomes unstable, and where salinization by eonvective
mixing takes place. This chapier. which is larpely based on this article. discusses tbe results
ol a modified version of AM, the New Approximme Model (NAMI.

9.2. The New Approximate Model

The approximate analytical model (NAMY}, presented here, combincs two competing
processes of soluie wranspont in the offshare zone (Figure 9.2}, The first process is the advec-
tion of salt by groundwater flow through the aquifer in combination with the upward seepa-
ge through an aquitard to the sea floor. The adveetion is based on the model of Edelman



£1972) for fresh groundwater flow in an olfshore semi-confined aquifer with & sharp
fresh/suline interface. The second process is the downward diffusion from the sea wwards
the underlying Itesh groundwater through the aquitard, which is described by a one-dimen-
sional diffusion-advection model.

coaslline

Badan Ghijben

sall (1888)

Glover (1959)

Edelman (1872)

Mualem & Bear (1974)

seepage 3
face [ —
_ Henry (1964)
groundwater with variable -

salinity and densily

Figum_ 9.1. Conceptual models of coastal groundwater flow systems with fresh and saline groundwater
according to some classical studies (from Kooi and Groen, 2001).
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Figure $.2. Schemalic section showing groundwaer (Tow according 1o the elfshore
sharp-imerface model (SIM) and Jownward salt transport by diffusion and convection.

The NAM defines the distance from the coast. where the upward seepage become so
small that downward diffusive wunsport reaches into the aquifer and creates instabitity and
convective density currems. [t is assumed that this distance is a 2ood measure for the offsho-
re limit of the fresh groundwater wongue.

Sharp-imierface muodel

The seometry of the Sharp-lnterface Model (SIM). based on the model of Edelman
(1972) for offshore fresh groundwater flow. is shown in Figure 9.3, The salt water is assu-

-
*

Fresh groundwater longue (approximate model}

-
<

Fresh groundwater tongue (sharp-interface model) |  _.----""""

N —

interface aguiter

.-——'/
Salt water

N Upward flow according to modified
% Downward diffusion T Edelman salution

Q) Density currents where critical
Rayleigh number is exceeded
{only in aquifer)

Steady-state salinity profile
acconding to diffusion-
advection equation

Figure 9.3. Schematic diagram of the sharp-interface model used to caleulate the length L of a steady-
state offshore fresh-water tongue {from Kooi and Groen, 2001).
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med to be static. except for the waler within the confining luyer. because upw
through this layer into the overlying sea should be allow,

applied. Le. within the aguifer. fresh-water heads are assumed 10 be uniform with depth and
within the confining layer above the fresh-waler tong

ue. subt-waler beads are assumed uni-
Torm in the horizontal, In contrast 10 Edelman (1972, the aguinard above the fresh-waler
lenw is assumed fully suline o avoid having 4 finite fresh-water seepage rarc . x = 0 (the
scaward-most edee af the tonguc where its thickness hecomes nil
the system are the [resh-water discharge al the coast, @\~ the horizontal hydrawlic condye-
tivity und thickness of the aquifer. &, and. H. the vemical hydraulic conductivity and thick-
ness of the confining (elay) layer. &, and H... and the local depth of the sea. W,
Conductivities and thicknesses are nal lumped into resistances
in this us wetl as in the Tollowing section some of the

ard seepage
ed. The Dupuit assumptions are

). Independent variables of

and transmissivities, because

dependent variables are functions of
the separate parameters. The unknowns. which are o he solved, are measures of the offsho-

re fresh-water length, L. and the Iresh-waler piczometric head at the shoreling, I The
anatvticul solution for SIM. deseribed in more detail in Kooi and Gracen (20013, i separately
derived lor the part where fresh groundwater completely flls the aquifer, and Tor

the part
where the thickness of the fresh water is smaller th

an the aquifer thickness (Figure 9.3y,
Diffusion-advection mpdet
The downward diffusion ol sulis through the aquitard wilh

A caunteraeting upward se-
page van be writien by the adlvettion-dispersion equation as:

d?
(:J_q dw =0

3 o 9.1
<}y

Tt

where g, is the vertical Darcy velocity, @ is the salt mass Iraction. and D, is the venical
camponent of the ditfusion tensor {including clfects of parosity and toriuosity). Eq. 9.1
implicitly assumes tha D, is constant, The Boussinesy approximation has heen applied
which assumes that spatial density variations can be neglected in the mass balunce. These
assumplions are reasenable for the level of aceuracy required in the present
Morcover, the difference in density between seawater and fresh water is ah
Il effects of borizontal advection within the
are ignored. the salution to Eq. 9.1 is given hy

analysis.
out 2.5% only.
aquifer al the base of the confining layer

-dS

with & =ID; /q_,| (9.2)

where @, is the salt mass fraction of sea water and §is the charaeteristic thickness of the
stationury exponential houndary laver tha forms a transition zone between sea water and
Tresh water. In (9.2). - is taken positive dow

nward from the seafloor. The upward seepage
rite ¢an he cstimated from SIM by:

AL

g. Yy H 9.3

where ¥ and yare the specific weights of seawater and fresh w
is the salt-water head at the base of the aquitard.

Convective break-up and fingering of this boundary Jayer will take ptace when the
boundary-layer Rayleigh number, Rag which is defined as

aler, respectively. and &,

_Apk &

R
a, )

9.4}

exceeds the critical value of ubour 10 (Wooding el al., 1997a), |n pructice, t?o'ulndary layers
in clayey sediments (aquitards) will be stable because 0!. lheir Ifm' perlﬂ&ﬂb!ll[lch. Thu_ per-
meabilities of sands and silts are severa) orders of magnitude lughe_r: Therefore Ray (.]I the
boundary laver in sandy and silty aguifers tends 10 be above the cnuf:a] _\'u]ue even lar
small de.nsil'v contrasts and limited thicknesses. The onsct of instability is deﬁr!ec{ 1o aecur
herc at the I(‘)culion where the critical Raleigh number af 1hc‘ houndary lu?:cr_wut_nn the
aquifer is exceeded. This criterion is physically more re'.'ﬂ}suc thar the criterion in the .AM
madel ol Kool and Groen (2001}, where onset of instability was assumed when the thick-
ness of the boundary Tayer as 1 whole exceeded the thickness of the clay.

Y.3. Results

In the [irst series of calculations (Figure 9.4 the length of the fresh groundwaer
wedge was caleuluted with three different madels SIM. AM und NAM‘.The ]crllg[h.\ were
calculated for varying values of aquitard thickness H, (1 10 100 m. x-axis). aquitard hydrau-
lic conductivity &, (10° m/s. 10 mis and 107 m/s) and coastal heads f . !+2 and 1:]0 m
above msl in left and right panels. respeetively), The wongue lengths L. prcFilclcd by ‘)IM are
larger than the lengihs of the approximate models L, for lhe'lowcr l:l_)’dTZlLI!I.C cunqx‘;cuvmcs
ko= 10 mfs and &, = 10-% m/s. This ix the resull of the predicted effect of instubility. When.
1ll1e ditfusive boundary layer reaches the aqguifer. This is parlic_ularly true for the lowest agui-
tard permeability (&, = 109 m/s): maximum tongue lengths of 5 km and more than 100 kT
are predicted by NAM und SIM, respectively. for b, = +10m ahqvc msl: for i, =+2lm
above msl the tongue lengths are O m and more than 30 km, respectively. Eor the relatvely
high hydraulic conductivity &, = 10-7 m/s. the difference in tongue lengths is not very large
between all models. Comparison of the two approximate medels AM and NAM_shnws l.hal
NAM (Figurc 9.4c) leads to smatler tongue Iefl,glllhs than AM (Figure 9.4b). Again the discre-
paney is largest for the low hydraulic conductivity.

For high hydraulic heads at the coastline (&1, = +10m abo.vc msl). the tongue length
increases with the thickness of the aquitard (Figure 9.4a 10 9.4e. rl_ghl panels). However, for
low hydraulie heads {/1,,,.., = +2 m above msl) the length initially increases hl!! decreases at
thickness of over 40 m (Figurc 9.4a 10 9.4c. left pancis). This effect is primarily due to the
fact thal the increasing hydraulic resistance of the clay (H 4 ) eventually reduces the ol
outflow under this Yow hvdraulic driving force. The maximum lengtbs for AM and NAM
(Figures 9.4b en 9.4c, ieft punels) are found at sinaller 4, than that for SIM (Figure 9.4a. left
panel}. This is duc to the earlier onset of instability. .

In the nexl series of calculations. the influenee of aquifer parameters was ‘tcsled. _
Ficure 9.5a shows the results of NAM calculations with an aquifer ransmissivity, Hk, of 4.5
x 10 mfs {~ 400 m*day) and a coastal head {#,,,.,) of +2 m above msl. In the left par.1e|_
aquifer thickness, H. and hydraulic eonduetivity. &, are 10 m and 4.5 x lQ“ m/s f'especuve_lly.
and in the right panel 30 m and 1.5 x 10~ m/s. In Figure' 9.5b the transmissivity is 15 x hJO-
m3/s (~ 1300 m¥day), where in the left panel aquifer thickness and hydraulic co‘nducuvny
are 100 m and 1.5 10~ m/s, respectively, and in the right p:?ncl 10 and 1.5 x 10-* m/s. The
transmissivity in Figure 9.5b is 3 times as high as that of Figure 9.5a. but the lengths of the
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Figure 9.6. Submarinc extension of fresh groundwater for different values of the aguifer thickness
and transmissivity and a coastal head (fr,.,,} of 10 m above msl. )

Calculations have been carried out with the new approximate moded (NAMY: () in the upper two
panels for a semi-confined aquiler with a transinissivity (HK) of 4.5 x 10-" m¥/s (- 40 m*/day). where
in the left pane) aquifer thickness (#) and hydraulic conductivity (k) are H) m and 2.5 x .H)_*1 _mf.'.; ulu_l
in the right panel 30 and 1.5 x 10~ m/s, respectively: (b) in the lower panels the ransmissivity is 15 x
103 m¥s (~ 1300 m2/day), where in the lefi panel aquifer thickness (H) and hydraulic conductivity (k)
are 100 m and 1.5 x 10~ m/s, and in (he right panel 10 and 1.5 x 10 ny/s, respectively, The 1h|ck_mlzss
of the overlying clay layer (H,) has been varied between | and 100 m. For the hydraulic conductivity
of the clay (k). three different values have been chosen: 10 mfs, 10#% mis and 102 tnfs. Sca depth
(W) is Om.

Figure 9.7, Subsarine cxiension of resh proundwater {or dilferent sea depihs, calvulated with the
new approximine madel (INAMY: Gy in the apper panels Tor a coastal hesud ) 9T £2 0 abhove msl
and () in e Towet panels Tor a coastal ead U ) O 10 m above msl. The semi-conlined aquifer Tas
a thickness (/13 of 100 m and hydrautic conductivity (k) of 1.5 £ 10+ m/s. Seqa depth (W) in the lelt and
right punels is U and [0 m respectively. The thickness of the overlying cluy layer (J7,) has been varied
between | and 100 m. For the hydraulie conductivity of the clay (k3. three different values have heen
chosen: 1O /s, 10+ m/s and 107 n/s.
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fresh water tongues e only 5 to 50 % bigher. Variation of aguifer thickness. &, and acuiter
hydraulie conductivity, & with the sume ransmissivity, (compare lett and right pancts) does
not have much influence. Only caleulmions with the highest value for the hydraulic condue-
tivity ol the aquitard leads 1 considerably longer ongue lengths. Note that for the lowest
hydraulic conductivity of the aguitird there is no submarine extension of fresh proundwater
as wis observed alrendy in the discussion of Figure 9.4, In Figure 9.6 similar resulls are
shown Tor a coastal head (4, ) of +H mabove msl. Again the elfects of varying aquiler
paranielers are less importand thian that of the aguitard.

In figure 4.7 the results are compared for caleulauions with a sea depth of U and 10 m
tleft and right panels, respectively). Varying sea depths appear 1o have only a minor ellect
an the tongue length, This is not surprising as i can be reasoned that extra seawater loading
of 10 m s cquivalent W a reduction of the coastal head with only .25 m.

Note that the markers in Figures 9.4.9.5, 9.6 and 9.7 sometimes do not follow smooth
curves, The reason is that the coastal heads For these dataare not exactly +2 or +10 m above
msl: inche cateulations Q5,15 an independem variable, and &, 15 calelulued by the
wade!. Theretore o lurge number of calentations with varying Q,,,..,, have been carmied owt,
from which the A1, closest 10 +2 and +10 above msl hive been chosen,

9.4, Discussion and conclustons

Offshore extension of {resh groundwater in i semi-contined coastal aquifer with siea-
dy-state NMow is smaller tlan calewlated with a simple shap-interfoce maodel (SIM). The
submarine discharge decreases in an offshore direction uniil the ditfusive boundary layer in
the overlying aquitard eventually reaches the aguifer and creates instability and convective
densily currents.

The New Approzimate Model (NAM), presemed above. results in an eariier onset of
instability and shorter fresh water tongues than the old Approximate Model of Kooi and
Groen (2001 did. [n general, both models lead to similar conclusions,

Sensitivity tests with NAM, which combines upward seepage and downward diffu-
sion, show that increasing (he hydraalic resistance. H /. . of the aquitard initially results in
longer fresh waler longues, However, at very high resistances the Jengths decrease again
due to a combination of twao etfects: (1) total submarine groundwater ouflow dimishes and
(i) the declining upward seepige (though becoming spreud out over a liweer distance) leads
1w instability closer o the coust.

The sensuivity tests with NAM Turther show that the fresh groundwater wongues do not
extend more than 6 to 28 ki olishore For coast] groundwater hewels (4, 0 of +2 mand
+10 m above msl, respectively, Leaving om the extreme cases (H, > 50, 4, > +2 m above
msl), ane may assume that fresh proundwater generally does not extend more than 3 km
alishuove.

Brackish groundwater, within a epography-driven flow domain, may exiend further
HTshore, In this transition zone, the salinity will gradually vise as the seaward Nowing mete-
aric prenndwater mixes with downward transported salt, The ouer limis of the wansition
sone, uccording to SIM, vary lrom A0 w O km for £, = +2 mwe +10 m, respeciively.
After leaving out the exiremie cases again, the outer imit in most cases will nol exeecd 3
kni.

The NAM model is compared with two ol the best-decumented cases. the New Jersey

const of the USA and the coast of Suriname (Chf]pler 8). The model m?ut vgl\ss;s f
New Jersey coast derived from the study by Meisler et al. (1984) were: H_ = |in
X 105 s, H =350 m, k=17 x 104 /s, W= S0 m and wa.m =+6m at;o;;r}r:; (.J
responding lengths of the fresh groundwater, cuicul'..ned with SI-M ("L,)Han— o
and © km respectively. For the Suriname coast, the inpul values are: /e = 1 'I:hec
e mfs, H=250m, k=1x 104 mfs, W= 50 m and fiyyy = +3.5 m above msl.
an L of 9 km and a L, of 0 km. This makes clear that the offshore meteoric g;oun
(hese two sites has been formed by different flow systems and can therefore dendl
v ) . .
OGTOU};E; 2::3uralion offshore the coust of Florida, when.: very high hydraul.u: 'n.t;?ds
ghove msl) prevailed until extensive pumping started in the last cgnlu;‘y,;sscha:::
meleoric groundwater beyond 100 km offshore may be fed by active flow SY
e .
nore rlicchad:ﬁl; inferred from the sensitivity analysis -.mdl the comparison of model
with observations that accurrences of mederately brackish meteonc gr_oundwa(l:;
the offshore are nos in equilibrium with present-day onshore hydrological condit
indepenclent measurements of sub-sea pressure head and gro_undwme_r age are n
wher ascertain that these waters are indeed relics from chfnnglng conditions at a g
time scale, and to provide data for more detailed mo.dlelhng (Cha.pler 10). )
Flow and solute wransport in the brackish transition Zane will alsq be slgdle
{0 with a medel that incorporates variable density Nlow and transport, including
ment of convective density currents.




Chapter 10.

Flow and salt transport in submarine meteoric groundwater
in steady-state and transient systems

14.1. Introduction

In the preceding ehapiers, flow and solute ransport processes have been studied based
on single- or doubleclensity density groundwater Mow madels (Clapters 4 and 93 and che-
mical and isotopic parameters (Chaprers 5, 6 and 7). However, understianding of fow wul
solute rransport in the coastal and offshore zone reguires inlegration of wopography-driven
Mow. density-driven How, diffusion, dispersion and free convection in unstably siraiified
groundwaters. Especially the Iatter process is seldom accounted Tor in groundwater models,
but itis very important in coastal and submarine groundwater where tnverse salinity stratifi-
cations ollen qrise. These provesses are relevant in situations. where:

a}  fresh groundwater. recharged onshore. (Tows 10to the offshore part of an aguiler:

bl acoastal landscape becomes submerged during o trimsgression.

The submarine outlow situation (a) forms @ steady-state condition and has been investigated
with the approximate moded in the preceding chapter. The transgression situation (b) creates
unstead v-state conditions, which have been discussed in Chapter 5. In the present chapter,
the dynamics of these situations are studied in numerical experiments using models, that
combine all relevant processes, Model | simulates the snbmarine outliew sitvation. Models
2 and 3 represent Lransgression situations over a flat continental shell and a shell with an
erosive lopography, respectively. Model 3 is relevant as investigations (Chapter 4) demon-
strated thal, during the last glacial. the exposed shelf was subjected o strong fluvial erosion.
I such  landlseape, satinization starls in valleys which are imtruded hy the seq in an carly
stage, winle opography-driven sysiems continue o function on the nterdluves. The contents

of this chapter are partly based on articles, published carlier {Kooi et al.. 2060: Kooi and
Groen, 2001).

10.2, Experimental sefup

.21 Nuwerical cide

The numerical experiments reporied here were conducted with the finite-element. vari-
able-density flow and transport code, METROPOL-3. For a detailed description of the code.
the reader ix referred 1o the works by Leijnse (1992), Sauter et al. (1993), Leijnse and
Qcstrom (1994) and Oostrom et ak. (1994). The code selves two coupled partial differential
equations in salt mass fraction. @, and Muid pressure. p. The equations are nonlinear because
ihe fluid density, p. dynamic viscosity. g. depend on . The equations are coupled theough g
and p. Here we use a constant value for g, because of the low salt mass fractions considered.,
For flnid density. p = pyem™. is used. where py, is the fresh-water density, and ¥ = 0.69. The
latier value gives fluid densities deviating less than 0.1% from experimental values for sali




ass fractions virying Irom @ = O (fresh water) (0 @ = 0.26 {saturated brine) (Leijnse,

92}, Fluid and pore compressibilities are neglected, corresponding to zero specilic slorage.
bis is reasonuble piven that the changes in pressure buundary condiions oceur only very
owly,

The ninerical scheme uses the Galerkin weighted residust finite-element method. fully
plicit backwaord time steppiog with automatic time siep control based on convergence
quircmients. A consistent velocivy formulation is used 1o represent Darcy velocilies (Voss
ul Souza, 19873 METROPOL-3 has been compared with other codes for 3 number of
schmark problems in the HY DROCOIN project (Leijnse and Hassanisadeh, 19893,

WYY and was Touod to give comparable results.

122, Diseretization

The spatial and emporal scales that can be handled by variuble-densiy flow simulators
< limited because of strict requiremenss of grid/mesh resolution. This applies in particular
the simulation of ditfusion in the boundary layer below the sea Moor and depsity-driven
ttvection in unstably stratified Nuids,

In model 2 und 3 a tie-dependent Dirichlet boundary condition is used for the top
umdary, where e suddenly jumps from 0 10 w,,,, after the transgression. Strictly speaking,
s method is physically not very readistic as, over time, salt is introduced in the 1ap ele-
“nts ol the finite-clement mesh (because @ varics linearly within an element) which is not
caunted lor by houndary Nuxes. However, as long as the vertical mesh size, Az, is small,
rmass-balance ervor™ is also small (moreover, its cause is known ).

In order 1 achieve convergence in the caleulations the condition Az < 3, should be
. where 8, denotes the thickness of the saline houndary tayer w the 1op of the domain at
“instant it becomes unstable and tingers start 10 develop. which occurs when the boundary
«or reaches a finite thickness. This implics that the Rayleigh number for a boundary layer

th fength (thickness) seate, Az, has 1o be smaller than the critical boundary layer Rayleigh
her or;

(10.1)
b i)

ApgnAz < { Ra,, = Apgnd,, ]
e dp =, - Pt g and vare absolite values of gravitational sceeleration and (isono-
1intrinsic permeibility: 7 is the scalar value of an jssumed isoropic dispersion wensor,
tects ot porosity, . and tortuosity, 7. are accounted for in the wity D iy defined in the
wlelas 13 = uf27f72  with D' as the dilfusivity in water (mechanical dispersion ignored). [
> &, . the boundary layer hat is creaed numerically just below whe seulloor is ilways
slable (its Rayleigh mamber is Larger thun critical). Hence. under these circumstances, fin-
ing slarts low early in e model. More crucial, however. is that upward seepuge ol {resh
wr inke the sei leads 10 create u boundary layer of finite thickness. § = D/, which is

e compressed iF the upllow is stronger (Woading et al.. 1997a3 11 e upflow is strong
wigh. the boundary layer is compressed to such an extent that it remains stable ag all

ws. Hence, mider thwse conditions inswtTicient spatinl discretizadon, 1z > &, . will create
wnstable bowndacy layer and fingering in the model unjastiy. Wooding et al. (1997)

il R, = 10 from buth perturbation analyses and numerical and Hele-Shaw cell expueri-
s,

Similarly, Av has (o be chosen such that the critical wavelcng_lh o‘f boundary-layer
instabitities, 4,,. which controls the dimensioas of finger insiabililies, is resolved. Because
A, =158, (Wooding et al., 1997a) the following is appropriate:

10.2
Ar<(iA, =28, =2Ra,uD/ApgK) . (10.2)

The validity of the above condilions was corroborated for the “long-heater” E_.lder Pr:bl.ed;
{Elder, 1968) (sea-water conditions along entire width of the top of the doma-xn) wnh an .
witbout upflow. That is, numerical experiments were performed to test (1) gnd/misl CT]"
gence and {2) Ra,, = 10. Without upflow, progressive reﬁnerlnen_l of the mesh, b9l in the
horizontal and veriical direction and reduction of Lime stepping I.I'IdeEd l'eSul.th m conver
solutions where the location of individual lingers varied_. but their chz}r;}cicrlst'lc yvavelfe'm
and growth raie became constant. Toe coarse discretization ledtoa c_infterenl timing lod'lr;
bility development and linger dimensions that were_too]arge. Insulticient horizonta 15:i
tization was found 10 have a slabilizing eflect. causing finger devek')pment to be delaye
linger widihs equal 1o the element size. Convergence was also uubleved when upflow w
imposed for the above problem. Stable boundury‘luyers occurred for boyndary llay«;.;g_, ]
Rayleigh numbers of 7 and smaller, consistent with the rcsuf.ls of Woo(lhr-\g e‘l a 1& a
‘Yoo coarse ventical discretization here led unjustly to fingering .and salinisation. h(.: gric
convergence shows thal the dynamics of (he numerical system is govemefi b1>-; phyzics al
nat by Lhe particular realization of “‘noise™ (in our case truncation errors in the co e)l, w
seads boundary-layer instability. This contrasts with recent I'mdt_ngs of Sil:an;S et al. |
{1999) who suggest that, in applying the SUT[?_.A code lo Wooding et al: b (‘l9 Ta) salt-
problem, il is inappropriaie 10 rely on round-off errors, The cause for this fhffereln:ce 15“
unclear Recently, Kolditz et al, (1998) showed grid convergence f_or (he shon- ;atln:r
Elder problem, apparently aiso relying on round-olT efrors. The grid size for which they
oblain # converged solution agrees with Eq. 10.1 and 10.2. 5 1
For the experiments in model { and 2, the mesh size wus ch‘osc_n to satisly Eqg. 1€
and 10.2 with dispersion dominated by maolecular diffusion (su_bsmuuon of lh'e pa.ramel
listed in Table 10.Y, 10.2 and 10.3 in Eq. 10.1 and 10.2 wnd using R(:_r,rj 7 ylfalds Az <
m and Av < 0.56 m, respectively). This should ensure proper discretization with respec
eclel ¢ ourant conditions. )
PLCICE:I::och 3, hydrodynamiic dispersion has been intrpduccd: longitudinal anldylransl
dispersion lengths are ¢ = 1 m and o= 0.1 m, respectively. Under these condmonscl
maximum mesh size can be enlarged o Az = [ mand Ax =2 m 1o fulﬁlll Peclet and G
conditions. The maximum mesh for the simulation of density cunFnls will also be larg
than in model | and 2, although Bg. 10,1 and (0.2 cannot be up;_)lled. Ne\.'crlheless, Lhw
sen dimensions are helieved 1o ensure u proper representation of the densily currents.

10.2.3. Madels and boundary conditions

Mudet 1 sttionary submarine grotundwarer and solute transport ‘ _
Because of sirict requirements ot prid/mesh resnlmio.n. aceurate 5|-111u_lul10n of frl
waler tongues that extend over a long distance into the ol'is!\ore 15 not tua&nbl.e. .The c{
memts presented here were conducted on @ 500 m long section and a 10 m th:k'aqu'lf
overlwin hy o | m thick confining layer (Figure 101} For the same reasons the aguift
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Figure 10.1. Sehematic struetures of three numerical models (elims = elements)

meability has o be assigned a refatively Tow value: k= 1.0 1 10 10 m? ar & (hydraulic con-
ductivityy = (.1 m/day, Fixed parnmeter values are listed in Table 11, Ondy the intrinsic
permcability of the aguitard, &L was varied tn suceessive experiments. The Tinite-clement
mest consists of 37,500 quadrilateral elenents: 1500 in the hortzontal aind 25 in the vertical
dircening, The horizontad clement size is uniform with Ay = 0.5 nn The vertical element size
in the top 1 of the sevion is 4; = 0.2 m; below this layer Az = 0.33 my Inidably, the seati-
ot was [THed with seawaler. Subsequently, cach experiment was run until a steady-ste sal-
inity distribution was oblained. Most simulations only showed @ quasi-steady solution
hecause conveetive finger instabilities caused solinity values and the Mow ficld o Muetuate
around a cemstant meatn. The dimensions and aquifer penneabilities did not conespond with
the sctual cases, where meteoric groundwater 5 found many kilometers oflshore and o
depths of several bimdreds of meters (Chapter 8). The purpose of these experiments is 1o
verify the assumptions and the resulis at the New Approximate Maodel (NAM ) o Chapier 9,

Munde! 20 suhmerrine grovndwater anted soltute fransport diring transgressing over o flal sea-
ward stoping land surface

Muodet experiments of the transgressing sea have been carried oul an o two-dimensio-
nal vertical ¢ross-section with a Jength of 300 m and an ayuifer thickness ol [ m.
Creometry and boundary conditions are depicied in Figure 0.1, The condiitons at the top
and right boundary are time dependemt, depending on sea level. The right houndary is assig-
ned hydrostatic pressure conditions and constant seawater salinity, The pressure part ol the
wp-boundary condition is given by

Po=Poaehir) | k)20 A p=0 | hir)<0 (10.3)

where py, is the boundary Nuid pressure and 1) is the Tocal sea depth. Influence of Hudad
Muetuations is not taken into account. The section is assumed Tully saturated such that the
topographic gradient costrals the onshore hydraulie pressure gradient. The gradient ol the
topographic surface in the experiments is 8 =1 x 10:%, which is a typical mean value for con-
tincatal shelves (100 m water depth at 3 the edge ol a 100 km wide shelfy, A tnie-depeadent
Dirichlet boundary coudition ix used for @ at the wp boundary:

w, =, | hr}z0 A w, =0 | hit)<0
Fixed parameter values are shawn in Table 0.2, while puramceters values varied in the vari-
ous cxperiments are presented in Table 103,

The tinite-element mesh consists ol 29.600 quadrilateral elements: 300 in the horizon-
tal and 37 in the verticul disection. The hurizontal element size is uniform with dv= 0.5 m.
The vertical element size in he top 1 m ol the section is Az = 0.1 my, below this Layer A; =
0.23 m. The maximum tiote siep employed is 1 x 107 s, which keeps Courant number smal-
Ter than 1 at all times. Each experiment started with the steady-state salinity disicibulion and
flow ficld for a sea level ol +0.05 m. which corresponds to o coastline location 50 m from
the right boundary of the mesh. Model experiments simulated subsequent salinisaton for a
given rate of sea-level rise during a period ol 200 w 2.000 years,

Again the dimensions of these experimemts sulfer from the same numerical fimitations
as in moedel 1. However. the basic styles of seawater intrusion that can develop are well
illustrated. even at these reduced scales. Moreover, from the experiments and the discussion
below, it can be understood how salinisation at larger space and time scales oceurs.

In these experiments atiention is given Lo the speed of the encroaching sea relative o
advection of the fresh-saline imerface. Earlier modelling studies by Meisler ot al {19843 and
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varies from 10 m in the valley 1o 40 m at the waler divide. Bottom, left and right b
are no-flow and no-diffusion boundaries. The hydraulic and concentration conditior
open Lop boundary are ime dependent, related 10 the rising sea level, as in model 2
experiment started with a steady-siate situation with only fresh groundwater flow. 1
sea penetriied the valley and rose in 2,000 years o its final position, submerging
landscape. The water divide was then eovered by 10 m of seawater Afterwards the
ment was continued for another 6,000 years. This is a realistic scenario, reflecting |
ral Holocene sea level rise (Chapter 4): at 8 ka BP, the sea level was still rising tho
below the present level, but al 6 ka BP it reached its present level,

Constant parameter values are shown in Table 10.4. The vertical and horizont
abilities of 1he clay layer in experiment | are 1016 and 10715 m2, respectively (or
¥ m/day in hydrwulic conductivity). In the second experiment, the permeability has
increased by a factor of 10 with respect 10 the first experiment. In the third experir
permvabilities were equal 1o those in experimem |, except for a 50 m wide zone n
water divide, where they were increased by a facior of 100, relative to that of the f
riment.

The finite-element mesh consists of 9660 quadrilateral elemens: 138 in the §
and 78 in the vertical direction. The horizontyl element size varied from Ax= [ m
ley and gradually increased to Ax = 50 m at the water divide. The vertical element
the aquifer equaled Az = | m, while the element size in the clay varied from Az =
the valley 10 Az = 1.33 m at the waler divide. For experiment 3, the horizontal gric
the permeable zone was refined 10 Av = 1 m to allow convective density currents.

10.3.  Resolis
1034, Muodel I: sttionary submerine growndivarer and solute transport

Figure 1.3 displays the "sieady-state’ salinity distribution for three experim
which the permeabilily of the aguitard was progressively reduced from 7.4 x 10!
x [T m? 10 1.5 x 10- m2 The corresponding flow fields are depicted in Figure|
Three distinct zones can be distinguished: {i) a proximal stable zone closest to thy
where groundwater in the aquifer is fresh and high seepage rates restrain the diffy
dary layer to (be clay layer; (ii) an intermediate instable zone where the diffusive
layer reaches the aquifer and creates convection {dansily currents) and (iii) a dist
zone where [ree conveclion is absent and salinities are high, though still less thar
seawaler.

In the first experiment scepage rates were high because of the relatively hig
aquitard. A proxzimal stable zone of about 50 m developed. The length of this zor
about equal to the length ol the fresh-water (ongue according to the New Approy
Model (NAM} from Chaprer 9 (indicated by an asterisk). Going further offshore
rapidly diminished and the inlermediate unstable zone commenced. Density cur
clearly visible in Figure 10.4a. Beyond 100 m, the distal stuble zone is found, w
very little flow and salinitics are high with very small vertical gradients. The loy
second experiment lcd to a reduction of the upward seepage rate, but also to an
the seepage zone nlo the oflshore zone, In this case a4 wide intermediate unstab
clearly visible from 100 10 250 m offshore (Figure 10.3b and 10.4b). The lrunsiw




proximal stable zone is not Clear. The sone ap 1o 1000 obishiore looks stable. b L appuars
that from o lime density cursents deselop seteanns the quasi-steds nature of the Sy en.
‘The instability can alwy b derpved fron the Lottt Re o, ':'f.'_r_u:rit_-d i this /(Imt.' [ERTANIE
10,3h) and there is no submarine fresh-groundwater tongue i!f:L‘UTL'IIlel 1y thg NAM rrtmdul
(Figure 10.3b). Apparently the instability is not very hfgh it takes a cnn.\!d.cmhhf-lumc 0!
develop fingers. Another possibility is that the small dispersion has a stabilizing effect on
the boundary layer. Further reduction ol «,. in the third cxperiment did not chan_gc the gene-
ral pattern, apart from the intermediate zone with frequent density Clll“l'&l\[.\‘. which 1lno\'e(.J
closer to the shore. This is the result of the lower secpage rates allowing more salt intrusion
into the aquiler.

120

Figure 10.3. Variable-density flow and solute transport in experiments of modet | sieady-stae subnu:;
rine outflow of [resh groundwater: experiments 1 o 3 are results I'pr K, equal W 7.4 x 10:%, 7.4 x 10
and 1.5 x 1017 m2, respectively. Solid lines: contours of salt-mass fraction from @ = 0.005 to = 0.035
with contour interval 0.005. Shaded arca: zone with @ > 0{820. Heavy dashed lines: [resh/saline boun-
dary according o shap interface model. Asterisk above each panel: extent of {resh groundwater accor-
ding to new approximate modcl.
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Figure 1004, Visualizition ol the Mow fields in experiments of model 1. True Mow velocitios are sho
tDarey velocity divided by porosite). The velogily is the same for the theee panels and is indicated in
upper panel.

Also shown for cach of these experiments is the corresponding sharp-interface soluth
according w the SINM maode! (Clapter 9) for the employed boundary condition for the coust
groundwater head. fr, ., = | m, The corresponding values of the submarine grondwater
outflow ¢, for the sharp-interface solutions are, respectively, 2,63 x 107832 x 104 qp,
371 x 108 ms. Values of @, infereed from the Mow Tield of the numerical simulations
are. respectively. 2.63 x 107, 807 x 10% and 3.31 x 104 m?/s. The slightly lower values [-
the latter two numerical simulations as compared tw the values for the sharp-interlace
approximations are caused by the density effeet assoviated with the presence ol more saling
water in the aquiler close 1o the coast. Comparison of the results for the two types of mode
shows that the sharp-interface approximations tend (o overestimate the length of the fresh-
waler tongue, and that the discrepancy grows significantly with decreasing w. The numeri-
cal experiments demonstraie that the downward salinization by convective density currents
becomes progressively mere dominant: that is. the fresh-water length initially increases. bur
reaches o maximum value and then decreases upon further reduction of w;. For the hydroge
ological conditions adopted in the experiments. this optimum approximately oceurs for the



eeond experiment

Finalty, an inleresting feature of the predicted salinity patierns displayed in Figure 10.3
« that lew-salinity waters extend farthest ofishore near the base ol the aquiler. This contrasts
trongly wilh the results of sharp-interfuce models. which show (resh waier 10 be progressi-
cly contined 1o the lep part of the aguifer when moving in a seaward direction,

0.3.2.

Madel 20 submarine groudwurer and solite fransporr during iroasgressiug ever o
Hat seavard stoping land surfuce

The experiments that were condueted with the second model are summarized in Table
a3 In the experinments the Tollowing parameters or conditions were varied:

rostratigraphy: (a) single sand layer taquitien); (b) single clay layer (aquitard ). (©) aquitard
cerlying an aquifer

Corute of sea-level vise, v,

clay permeability, &, and

longituclinal and transversal dispersivity, o, and o

Parameter values that were kept constant are given in Table 10.2, The term “sand™ is
ed here and in the following to denote sediments with permeabilities that are high relaiive
clays, The permeability value listed in Table 10.2 corresponds to fine sand or silt. Using a
sher permeability would imply a major increase in numerical cost, as explained in section

2220 T i T denote the non-dimensionat transgression rate of Eq. 10.5 substiiming
wd and clay permeability, respectively.

tuy
Experiments 1-7 canstrain the critical ransgeession rate, [ for a uniform sand sub-
ate and very small hydredynamic dispersion {(more than 40 tdmes smaller than molecular
tusion). I was found (o oceur for this set of experiments between 5.58 and 6.51 (Table
3). Figure 10.3 displays the horizontal style of salinisiation for experiment 1. It shows that
- ransition zone quickly assumes a steeper and narower geomelry during s laterat
aralion in comparison with the initial steady-state situation. Jt was found that this eflect is
mger for higher rates of sea-level rise. The observed stcepening is probably due 10 inhibi-
autltow at the landwaed side of the transition zone and. theretore, enbanced input of salt
he op of the ransition zone, This steepening, in wen. enhances the clockwise vortex in
(tow field ussociared with the density distribution, which 1ends to flatten the lransition
w. Apparenily, the two ellects (input of salt at the seafloor and ibe enhanced clockwise
tex) work wgether to: (1) maintain o constant shape of the iransition zone und (2) provide
wehanism Tor ateral migration of the transition zone in addition (o that due w the chan-
2 pressure houndary conditions at the kand sarface. The Jatter ellect probably expliins
» the experimentalty Jetermined vidue of FI* of about 6 is Targer than the value of 1 pre-
al inSection 10,23,

Figure HLO shows the salinisation history for experiment 7. To this experimend, the
sition zone lags behind the migrating coastline and sea-water fingers emanated (rom a
asive boundary layer which develops us a “meving wave™ al the top ol the iquifer as seu
.r overrode Tresh groundwater (this boundary layer is seen more clearly in Figure 10.7,
re it remained stable because of low perimeability). Theoretically, lingering only slarled
ie this boundary Yayer reaches i eritical thickness. In Figure 1008 this occurred close w
urrent shoreline becatse the critical thickness was very small; using Eg. 11 and adop-

Ra,, = 7yields §.. = 028 m. Sea-water fingees sank o the base of the aguitey and. in
cen, Iresh water esciped upwards into the sea. As o result. a wide, high-salinity transi-
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Figure 10.7. Variable-density flow and solute transport in cxperilpcnl !1 ol model 2_._Cnh:u|nlcd sul_in-
ity distribution at three lime steps for a clay subsirale iu combination with a supra-critical (ransgression
rate. Sall-mass (raction increascs with darkness of shading. Cantours sh_owu are frfam = 0.0005 10
0.0355 at uniform intervals, An asterisk indicates the current location of the shorelinc. Lelt 100 m of
model domain is not shown, Details are given in the Lext.
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Figure 10.8. Variable-density flow and solute transport in gxpcriinenl 17 of mode] 2. Ca'lculalcd.srlli'nl-
ty distribution at three time steps for a sandy aguifer D\t:(.'.l'lil.ln by a 0.5 m thick clay Iaycr in comhinalion
with a supra-critical transgression rale. Salt-mass [raction increases \_vuh dﬂ.l'kl'lCSS ol shading. Col:llnur?
shown are from @ = 0.0005 10 0.0355 at uniform intervals. An asterisk indicates the currem location o

the shoreline. Left 100 m of model domain is not shown. Details are given in the text.
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tton zone developed berween the former and new coastline. Very littie Now vecurved inhis
zunc once dhe fingers reached the base of the aguiler and, consequenty. the subscequein
develepment of this zone towards full sea-water quadity was deinated by diffusion and,
therelore. very stow. In Figure 10.6. the lvoniad fingers were deflected semewhat landward
as they descended deeper into the aquifer.

In experiments 8-12, the role of hydrodyonamic dispersion was investigated,
Experiments 8 and 9 are the same as experiment 7 except for increased dispersivities. In
experiment 9 with fargest dispersivities. oy = 1 mand o = 0.1 m. respectively, fingers
emanated vom a thicker saline boendary layer and Hrger dintensivns were about three rintes
larger than in experiment 7. but the hasie style of sea-water intrusion was not aliered.,
Experiments 10-12. which correspond with experiments 4-6, showed that hydrodynamic dis-
persion slightly increases 7' 1o a value between 0.51 and 7.44.

Experiments 13 and 14 investigaled salinisation of a unifonm clay substrate. In these
experiments vertical “imtrusion” by diffusion dominated. Figure 10.7 illustrates the “moving-
wave behavior™ of the diffusive boundary layer that developed below the sea oor Tor expe-
riment 13, Due (o the low permeability of the clay the boundary layer stayed intact. Nort sur-
prisingly. a seaward dipping fresh water wedge developed in the offshore.

The set of experiments 15-20 were conducted Tor a substrate in which a 0.5 m thick
clay layer vverlies a sandy aquifer. Figure 10.8 illustrates the salinisation history for experi-
ment t7 which. apart from the 0.5 nt thick clay layer, was the same as the cxperiment of
Figure 10.6. The clay layer alfects the results in several ways. First. because of its low per-
meability. the high salinity pani of the dilTusive boundary layer. which developed within the
clay layer. is stable {sce also Figure 10.7). Instabilitics germinated beneath the clay layer
where the diffusive boundary layer within the aguifer had reached a critical thickness,
Sceond, this eritical thickness was larger than for a uniform sandy substrate (§,, > 0.28 m)
because (i) the density contrast across the boundary layer within the aguiler was less than
the Iresh/sea-water density contrast. and (i} flow into the top of the boundary was restricled
relative to that in the experiment of Figure 10.6. The enhanced stability of the boundary
layer is apparent in Figure 10.8 from the fact (hat instabilities appeared a finite distance
from the currenmt coastline. Third. once the instabilities have grown into macroscopic sah fin-
gers. they do not sink as readily as in Figure 10,6 because of the small density contrast with
the ambient groundwater and hecause of the greater resistance to drawing dense fluid from
the overlying sea reservoir. Therefore, a wide low-salinity transition zane developed which
is inlermediate in nature relative (o the experiments of Figures 10.6 and 10.7. 1t should be
noted that a minimum thickness of the sandy layer is required Tor instabilitics 10 arisc.

Experiments 15 and 16 constrained (he non-dimensional critical transgression rate 1o
oveur between 17, , = 0.93 and I, =1.86. which is approximately 5 times tower than for a
pure sand substrate, A greater thickness ol the clay layer will probably further reduce the eri-
tical transgression rate and result in lower salinity pore waters in the underlying aquiter.
However. this was not tested within the present set of experiments,

The effect of hydredynamie dispersion was investigated w experiments 19 and 2. It
was found that, similar o a uniforin sand subsirate, hydrodynamie dispersion inereased the
Ihickness of the boundary layer and the width of the fingers, but did not alter the mode of
intrusion in a significam way.



10,380 Model 3: submarine growdwater and solute ransport diring transgression over g

dissected land surfuce

Figure 119 showy the safinity distribution at tour dilferent stages after the sca has
inunclated the dissected landscape. Afler 1,000 year sea level has risen to 20 m above the
valley bottom, but the interfluves have not been submersed yei. Al this stage a ria-type
coastling has been formed, as can still be observed along many voasts. Despite the inunda-
tion of the valley, satt-waler intrusion does not oceur. The reason lor this behavior iy that the
proundwater system is still recharged on the interfluves and strong upward seepage below
the valley is maintained, preventing downward diftusion into the aquifer. Only a thin stable
dilTusive boundary layer has developed in the top of the aquitard. This is shown by the vec-
tor ficld in Figure 10.9. When, after 1500 years, the entire landscape becomes submerged,
the Mow field dramatically changes, The meteoric flow system loses its drive and the Iresh
groundwirter becomes subjected o diffusion and density-driven {low. The salt-waler wedge
in the drowned valley makes the fresh water NMow in the reverse direction and drives it from
the aquiter by wpward seepage through the aquitard ot the water divide, Below the valley.
sils enter the aguiler by diffusive and advective transport and create instability and density
currents. The expulsion and salinizaton of the meteoric groundwater body is i slow process:
after 2,000 years, when the sea has level reached its final position, most of the aquifer is still
Tresh. Salinization takes place mainly by downward diffusion through the aquitard and den-
sity driven flow along the bottlom of the aquiter. Afier 8,000 years (representing the present-
day situation) groundwater in the aquifer is no longer (resh, though w is s1ill belnw 0.01
underneah the interfluves (chloride concentration < 6,000 mg/l).

Figure KLTO displays the results of the second experiment, where the hydraulic con-
ductivity of the aquitard has been increased by a Tactor of 10 with respect 10 experiment 1.
Only the situation after 2,000 and 8,000 years is shown. it is clear that the higher conducti-
vity of the aquitard has led w0 a larger Mux of salt water hto the aquifer below the valley.
Also the upward seepage of fresh water further away from the valley has increased.
Therelore, the diffusive boundary layer in this part is smaller than in the {irst experiment,
Beceause of the Targer Mow rates, salinization proceeds more rapidly: after 8.000 years almost
the entire system has become saline,

In the last experiment the eifect of a relatively permcable zone in the squitard has been
studied, Parameters are equal o experiment L. excep for the 50 m wide zone, where
hydraulic conductivities have been increased by o factor of 100, The salinities n ihis zone
alter 2,000 years in Figure WL clearly show that a preferential Now path has developed
lvere Tor the exputsion of the meteoric groundwalter: the high outflow velocities compress the
dilfusive houndury layer o o thin zone. However, afier 3,000 and 8.000 years saline intru-
sion by convective density currents can be observed in the permeable zone. Comparing the
results alter 8OO0 years in experiments 1 and 3 shows that the aguifer in experiment 3 has a
lower salinity. Apparently the two eatrance zones resulted in lower groundwater flow velovi-
tes or even stagnant zones, which retarded the salinization process.
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Figure 10,9, Varisble-density flow and solute transpert in experiment 1 of model 3, Calculatec

distribution a LGKIO, 1.50K), 2,000,

and 8.000 years afier Iransgression started in the valley. Vall

ded in clay layer overlying a sandy aquifer. Vertical and borizontal clay permeabilities are K" =

K = 1015 m2. respectively. Sall-

given.

mass Eraclion inereases with darkness of shading. Contours
[ram €6 = D.0005 1o 0.0355 a1 uniform inervals. For time siep of 1,000 and 1,500

years flow |
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Figure 10.10. Variable-density fiow and solute transpost in experiment 2 al madel 3. Caleulated salinity
distibution at 2,000, 3,000, and 8,000 years after transgression sturted in ‘.]‘F."“"“" Vflllcy is eroded in
clay layer overiying a sandy aquifer. Vestical and horizontal clay pcmcaplllllcs are X' = 100 and K. =
10- m?, respectively. Salt-mass fraction increases with darkness of shading. Contowrs shown are from
@ = 0.0005 10 0.0355 2t uniform intervals.
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Figure 1L 1E Variable-density flow and solute transport in experiment 3 ol made! 3. Calenlated salini-
vy distribulion at 2.000. 3.000. and 8.000 years afier transgression started in the valley. Valicy is eroded
in clay layer overlying a sandy aquifer. Vertical and horizaneal clay permeabilitics are &) = 101 il &;
= 10" ov?, respectively, as in expenment 1. Permeabilitics in the permeable zone are 100 limes higher.

Salt-mass {ractian increases with darkness of shading, Centours shown are from @ = 00005 o 0.0355
at unilorm intervals.
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10.4. Discussion and conclusions

10.4.1. AMaodel |

The experiments show that the steady-state oflshore outflow of coastal groundwater
semi-confined aquilers can result in exiensive rmsition zones of Tow- 1o high-salinity /
groundwater (intermediate unstable and distal siable zone), In these zones relitively fresh!
pore water extends farthest imo Uie oltshore near the huse of the aquiler. These iransition
zones resull from convective mixing in the lorm of density currents. Fresh, unmixed offshe
re groundwiater is found in the near-shore zone only when the upward scepage is high
cnough o restrict the difTusive boundary Layer o 1 clay layer and prevent instability
{proximal swble zone). Nate that fresh groundwater cam also aceur in the botom of the
aquiler in the intermediawe unsuhle zone where densily currents arise inlrequentdy.

Although the present work was concerned with steatdy-state sulinity distributions, the
analysis does demonstrate that major modifications in offshore salinily pailerns cin occur s
aresult of relaively minor changes in coastal hydrological regime. As such changes are
likely to have oceurred in many coastal areas at time scales of thousands of yeurs, the assg
ciatted Tandward and seaward shifts of the resh-water domain would have contributed to the 3
developmient of wide transition zones. The inverted satinity distribution occurring within the
confining layer und, 1o a lesser extent, in the aquiter us predicted hy the variable-density
flow modelling has heen documented, for instance, for the North Sea (Post et al.. 2000) and
the Baltic Sea (Pickarck-Jankowska, 1996) and may have impertat implications for sedi-
ment diagenesis in such offshore environments. [t may. therefore, he an interesting feare 107
consider in geochemical madels of early dingenetic processes (Beraer, 1980).

FO4.2. Madel 2

Based on the findings of the second model simulating Iransgression on a Nt sloping
confinental shelf, four modes ol seawaier intrusion are distinguished:
. Muode 11 Quasi-steady, “horizontal” seuwaier intrusion n the form of Landward igra-
Hen ot “narrow™ transition zone closely tallowing shorcline migration (Figure 10.5).
This made vceurs for a sulficiently slow, sub-critical rate of (ransgression. An estimate
of the critical trangression rate at which the ransition 0 modes 2 or 3 occurs for uni-
[orm substrate conditions is given by Eq. 10.4. Experiments showed that Eq. 10.4 is
aecwnaie W one arder of magnitade and tends 1o underestimate -, Referring 1o the
recent Holocene transgression, this intrusion mode was 1ol the dominant process in
most ol the vitshore aguilers. The transgression speeds turing the Early Holocene for
many continental marging away from the major continental ice sheets of the last ice
age were far higher (> 100 w/a) than critical ransgression speeds.
Muode 2: Vertical seuwater inbrusion by lingers of seawater (Figure 10.6). This mode
aceurs tor supra-critical runsgression rates and a relatively high-permeability substrate
(sand/silt). A wide high-salinity transition zone develops. This rapid intrusion mode can
keep wp even with rapidly advancing shorelines. It explains. s an example, the presen-
ce o high-salinity groundwater in the exposcd sandy aquilers in the western parn of the
Netherlands, which were inundated during the Early Holocene.
. Maode 3: Vertical scawater Intrusion by diffusion (Figure 10.7). This wode occurs for

supra-critical transgression rales. which can he very small. and For low-permeability

substrate sediments (sill/elay) up to greut depth. An extensive, seawafc! dipping fresh-
water wedge develops below a whick, mainly venic_ully luycn?.d,. lrans'luon zone.
Salinization is mainly conrolled by downward diffusion. This intrusion mode is
restricted to shelf sediments with very thick clayey sediments below the sea flloor.
Made 4: Veertical seawater intrusion by low-salinity fingers (Figure lO.E?)_. This mode
occurs for supra-critical transgression rates and a layer of.lqw-pcrr_neabllllx, sca-ﬂooi
sediments (sil/Clay) overlaying a relatively high-p_ermeublllly aqu:fer. A W‘l.de, low-s¢
inity transition zone develops in the aquifer resuliing from convccl‘lye (Iiensny curren!
while in ihe overluying low-permeability layer a relatively slharp diffusive boundary
layer is present. This intrusion mede explains, just as the third _mode.,- the lemporaryd
preservation of oltshore meieoric proundwater. Although the .dnmep:nons o‘f the modt
are small, the same process explains the presence of vast bodies of rne'leonc groundy
ter far offshore along the coust of Surinane, the Netherlands, Indonesia (Java Sea)a
the eastern USA (Chapter 8).

The experiments are carried out for simple one- and two-layer systems. Most elastic
continental shelves comprise a succession of alhiernating sand and Clz‘ly luyers. Th_ereforef
ne intrusion may take place by superposition of various modes. For instance, rapid salllm,
tion in a top sand layer takes place by convection iln ucco.rd_ancg o mode .2' The resulhmg
high satinity in the sand aquiter may invoke diffusive Si.lllnl.':til!lOn_Ofﬂ thick underlying ¢
layer according 10 mode 3. In the subsequent sand layer, salinization may _proce'ed as mo
via convective density currents controlled by diffusion through the overlying clay.

10.4.3. Model 3

The transgression experiments with model 3 on a hil}y_ landsc:-:pe show that sa_hmz:
below valleys starls only after sea level has risen to a .x'ufhmenllgf high level. ]nlruspn si
in when the discharge in the valley, related 10 the former nlmeleorlc flow Isysu—am, declln;s
disappears aliogether. Note that in this case a wet climate i us_surned .u{uh high groun v
levels in a landscape underlain hy a clay layer, Under more a.nd «‘:ondu‘tons (lower. seep:
rates) and more permeable sediments under the valleys, salinization will start earl}eir:. Tr‘
experiments show that after submersion of the lundscape the flow syslfzm reverses. Fres
and low-salinity groundwater is slowly expelled from the upland areas, whe.re it was ret
ged before, either as diffuse discharge or via permeable pathways. TI.u: Sludredlcases wi
relatively low, but otherwise typical permeabilities show lhul.meleonc submarine grour
tcr can be preserved for thousands of years after the Nubn.mmmn of.lhe landscape.lThes
palecowaters may form very lurge bodies, which stowly disappear either by expulsion o
tllMm;ome observations of groundwater discharge, either as diffuse dischar;e. submari
springs or based on peomarphological features, mily be n:lme.d lo the expulsul)n (21f pale
ters. This applies espectally for observations far offshore, which cannot be re a':e 0] ;;
dy-statc groundwaler flow system with onshore recharge. The NAM maodel (Cl ‘apu'ar
demonstraies that these systems under normal circumnstances extend only §eveml kilon

ino the olfshore. In the experiments only a few parameters have been vanf:d. The pur
was not 10 show the various modes of salinization as in the experiments of model 2, b
mercly 10 show the possibility of preservation of ofishore paleogroundwater.



10.4.4. Additional remarks

Incorporation of diurnal cffects. such as tides. might atlect details of the predicied sat-
inity patterns. This would apply in particular to the relatively small spatial scale ol the expe-
riments presented here. However, it seems reasonable to assume that the results presented
here provide insight inlo processes for much larger spatial scales (lens to hundreds of kijo-
meters) and geological time scales for which the magnitude of sea-ievel change overwhelms

tha! of diurnal processes.

Perhaps more important shortcomings of the modeling with respect o its applicability
to natural syslems are its 2-dimensianal character and the absence of hetcrogeneity in sub-

surface conditions.

FReoan = +1 nt

n = 03 -

@0 = 00357 -

O, = 10 kg-m™
x = 10" m?
(aquifer)

H = 10° Pa-s
G = 10 m-s?
D, = 107 m? s
o = 0.2 m

or = 0.02 m

Table 1.1, Constant parameter values for madel |

N = 03 -

@, = 00357 -

2, = 10 kg-m>
K(and) = 10" of

H = |0° Pa's

G = 10 m- 5'2
D, = 107 mt s

Table 10.2. Constant parameter values for model 2
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| Expetiment | Litholog |, T.. | T K., a, o, intrusio
\ b {mnva) (m?) {m} (my |M
‘j sand 0t | 093 - - 107 107 hor. |
2 " 0.2 { 1.86 - - 107 107 Twor, ‘
% 3 . 0.5 4,65 - - 0 10 hor. |
| 4 0.6 5.58 . - 10" 10° hor. |
| 5 07 6.51 - 107 107 vert.
6 N 0.3 744 - 107 107 vert,
7 1.0 9.30 107" 107 vert,
8 1.0 9.30 - 0" 107! vert.
9 - 1.0 930 | - 10° 107! vert.
10 . 06 5.58 - - 10° 10 hor.
1 B 0.7 6.51 - - 19" 107! hor, |
12 “ 0.8 744 - 15° 107! vert,
PB clay Lo - 9.3-10' | 107" 107 10~ vert.
[ 14 . | id - | 9300° [ 10 [ 107 10° | vem.
15 sandiclay 0.1 093 9.3.10° 197" 107 107 hor.
16 - 0.2 186 |i9-10° 107 10 107 vert,
17 . o | 930 [o3a0* [ 10 | 107 107 [ ven.
18 « | 10 930 [9310* | 10 107 10~ vert.
. 19 . Jr 1.0 930 |93.10° | 0™ 107 1072 vert.
[ 20 . 1.0 930 [93.10' | 107 10° 10” vert.

Tahle 10.3. Varable parameier values for experiments of model 2

= 03 -

= (1.0357

= ¢ kg- m’
= 10" o

= 10" Pa-s

= 10 m-s~
= 10° m-s!
= 02 m

= 002 m

Table 104, Constamt pirameter values lor model 3
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Chapter 11.

Summary and conclusions

Imrodncrion

The objective of the work presenied in this thesis is 1o shed mare light on salinizatic
and freshening of coastal groundwater at geological 1ime scales, and on the origin of ons]
re and offshore paleogroundwater. An essential approach to meet this objeclive is the rec:
struclion of paleopeography and associated paleohydrology of coastal plains. The scope ¢
the study encompasses groundwaler in coastal plains and offshore.

In many cases the salinity distribution in groundwater in coastal plains and offshore
aquifers is complex and does not comply with the classic concepts on coastal hydrogeole
The main reason for this incongruence is that these concepts do not account for geologic
events like regressions. transgressions, sedimenlation and landscape changes. These ever
have triggered processes that may not have reached steady state with respect to the salini
concenirations of specific chemicul components and even groundwater heads. This appli
in particular, 10 groundwater salinization resulting from the Early Holocene transgressior
and the subsequem freshening afier coastal aggrudation set in during the Late Holocene.
Because flow sysicms change rapidly in the dynamic coasial and offshore zong, bodies o
fresh 10 moderately brackish groundwater (Cl- < 7,000 mgfl) occur that do not belong to
preseni-day flow systerus. These meteoric groundwaters have been formed by extinct
systems and are designated as paleogroundwalers (Chapter 2.1).

Part | of this thesis eomprises the results of a case study of the coastal plain around
Paramaribo, the capiial of Surinime, in South America, where peculiar salinity pattems :
paleogroundwaters were known Lo exist. Many researchers of various earth-scientific dis
plines as well as consulting hydrogeologists have investigated the area. Existing informe
from these studies, new hydrogeochemical and isotopic daia, and mathematical simulati
were used 1o explain the salinity patierns in the coasial plain and the offshore area.

Part 11 contains the results of general studies imo the phenvmenon of offshore met
groundwater, as found in Suriname. Observations of other coasts were reviewed and ex;
ments with generic models were carried o to understarul the penesis of offshore metec
groundwater

Part 1. Case study of the Suriname coast
Hydrology of the coastal plain (Chapter 3)

The coastal sedimentary zone in Sunname has a width ol 70 ki near the capital o
Paramuribo (Figure 3.1). In the South. Pliocene sands are exposed forming a roiling la
pe called the savannab bell because of the savanpah-lype vegelalion. The low-lying m:
coastal plain stretehes northward of the savannah belt and 15 underlain by Pleistocene
(South) and Holocene cluys (Nordh), Housing and agriculural activities are concentrat



the slightly elevatcd sand barricrs in the voustal plhain,

The stratigraphy comprises i wedge of mainly clastic formations of Late Creticeous o
Holocene age {(Figure 3.5 and 3.6). Regional groundwider Mow wkes mainly place in the
Tertiary scdiments, foriing an aliernating succession of sand and clay layers. The Tertary
aquifers contain fresh to moderately brackish (mcteoric) groundwater (Figures 3.5 and 3.8).
Prisline meteoric groundwaler (Cl-< 50 me/l) is only found helow the vecharge zones of the
savannah belt and the Lelydorp sands in the Pleistocene coaxial plain (Figure 3.1}, Meteoric
groundwaler is sandwiched between saline groundwater in 1he Holocene clays and deep sali-
ne groundwater in the Cretacecus formations. and extends about 0 km inte the offshore
deposits.

Rainfall {2,200 mmn/a) may oceur all year ronnd. but is most abundant during the short
(Dec-Jan) and long (Apr-Jul} rainy season {Figure 3.2). Groundwater recharge rates in the
sandy soils of the savannah belt are high, but this groundwater is discharged locally by cre-
ks and does 1 the aquifers in the coastal plain. Dircet recharge of the Tertiary aqml’ers
is restricted in the coastal plain to the Lelydorp sands. where phreatic groundwater levels are
relatively high. In_the rest-ofthé plain, the large hydraulic resistance and small vertical head
gradient in (he Quaternary clays prohibit recharge. In the period before large-scale ground-
water pumping (before '] 958) groundwater in the aquifers was almost stagnant (Figures 3.9
and 3.10). Nowadays groundwlucr flow in completely controlled by ihe extractions in and
around Paramar[bo (Flgu:e 3‘ 10y :

Interesting are Lhe artct;rlm hﬁ',"ld'i in the Oligocenc aquifer in the prepumping period
(Figure 3.9). Thcee-heads Lnnnot‘be. related to an clevaled recharge arca. but are attributed to
the rapid Holocerie™ sedynenmmn Iost probably. the sediment loading caused an cxeess
hydraulic pressure, which has not fully dissipated in this case. This effect may be more com-
mon than we thmk ulong other coasts with high sedimentation rates. However, it may be
weakly developed jnthe absence ol' confining layers or obscured by regional coastal flow
systems with qubm'mne d1~;ch'\rgc

Freshening during fﬁ& M'scr))r.n'nmr_ regression (Chapter 4).

Onshore and offshofe meteoric groundwater in Suriname must have been formed by
extinct flow syslems'af:l'mg under climate. landscape and sca level conditions different from
today. During the W:sconsman {Weichselian) glacial. sea tevel stood much lowcer. with a
minimum ol 130 m below present sea level during the last glacial maximum (LGM) from 25
ka to 15 ka BP {Figure 4, 1). The Pleistocene surface was eroded and resulied in a topogra-
phy of clay plateaus dissecicd by gullies and rivers. Climate during the LGM was colder and
dryer. The large coastal plaip of that time was covered by grass and shrub savannubs, similar
to those in the present savannab, Recharge in the Pliocene sand aulerop (present savannah
belt) is estimated at 200 min/a (at prescnt 300 mim/a). Paleohydrological conditions were
much different In tbe coastal plain: the incised Saramacca and Suriname rivers (about 30 m
incision near Paramaribo) towered groundwater heads in the Pliocenc aquifer inducing
widespread recharge from the overlying clay plmeaus (Figure 4.3),

The latter assumption was conlirmed by simulating the palcohydrology with a groundwa-
ter model. The model shows that the sccondary topography of the eroded river valleys created
secondary flow systems superimposed on a regional primary flow system (Figure 4.7). Despite
the large hydraulic resistance of the Pleistocenc clays in the voasia) plain (> 1 x 105 days)
recharge rates reached values of 40 to 60 mm/a. The palechydrological madel shawed that
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aroundwaler vesidence times i the regional primary flow system was not snfficient s Qush
brackish or saline water from the aguifers (Figure 1.6 1t appears that the more dyamic see-
ondiry systems with the smaller residence times, related 10 e crosion wpography, are essenti-
al for explaining the present-duy vccurrence of meteoriv groutdwiaker far ofTshore.

Salinization during the Holocene transeression (Chapier 5).

During the Holocene transgression in Suriname the sea eneroached the Pleistocene coa-
stal plain with a speed o 3 w 180 i/ The subvertical fresh/saline groundwiner interface
near the Pleisiocenc coastline wlso moved landward. However, carlicr investigations showed
that the density-driven howizontal displacement ol the interface could not keep up with such
a rapidly migrating coastline, When in such a sitwation, like in Suriname. saline groundwater
averlies fresh groundwaier, downw ard salinization takes place by convective density cur-
rents and diffusion (Figure 5.5), Because the former is o very rupid process and not in agre-
ment with the presence of the offshore metearie groundwater body, diffusive solute transport
is asswined 1o be the main salimzation pracess in the Suriname constal plain. This hypothesis
has been verified by swdying chloride concentrations and chlorine-isotope ratios (8¢ in
eroundwater from wells and in pore water fran the Quatermary clays sumpled it fwo sites in
the coastal plam (Koewarasun and Tourtonne). The analyses were compared with simula-
tiens with a model that incarparated vertical ditTusive solute transport related by the Barly
Holocene ansgression and Late Holoeene regression and Holocene sedimentation (Figure
5.2 and 5.3). Trapsgressions at 6 ka and 10 ka BP for Koewarasan and Tourlonne. respecti-
vely, as well as sedimentation rates of 2.9 and 2.6 mm/a were established on the basis off
radiocarbon dating. Simulated vertical profiles are in good agrecment with the analyscs,
when un clteetive chloride dilfusion coelMcient 7.10- % m¥s and a fractionation factor Tor the
chlorine isotopes of 10027 were applicd. These values are within the ranges reported in dil-
fusion studics and xupport the hypothesis. The regression dates established by the diffusion
model are also gquite realistie: 4.1 ka BP at Kocwarasan and 0.5 ka BP at Tourtonne.

Simulations and analyxex indicate than dilfusive salintzation has penetrated (o a maxi-
mum depth ol 100 10 150 m (Figure 5.3), Below 125 m., concentrations of chioride increase
gradually with depth (Figure 3.5, 3.8 and 5.4). These salts have riscn upward [rom the
Cretaccous sediments by dilfusion and transversat dispersion. activated by deep regional
Now systems during regressions. Clay scals above ol reservoir sands in Suriname, in the
lower part of the Tertiary. obstrucied wransverse dispersion of meteoric aroundwater {low.
The anomatously Tow salinitics above these clay seals and the steep salinity gradients in the
clays (Figure 5.4) suggest that the salinity profiles may he used as proxics {or the presence
of clay scals, whiclh may possibly act as stratigraphic traps for oil reservoirs.

Hydrogeochemical signals (Chapier 6}

The hydrochemistry of groundwater in the coastal plain of Suriname is mainly determ-
incd by the degree of diffusive mixing with salts or advective mixing with saline groundwa-
ter. Pristine meteoric groundwater in the Tertiary sediments (Cl- content < 50 mg/l) is only
found in the savannah belt and below the Lelydorp sands {Figure 3.5). Because of the low
reactivity of the Tertiary formations. pristine groundwater basically has retatned a rainwater
composition. transformed mainly by evapotranspiration and uptake of carbon-dioxide in the
soit zone (Figure 6.1). Consequently. most groundwaler, also mixed types. is acid (pH < 6.5)
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and under-saturated with respeet to ealeite. Oxidation ol sediment organie mater (SOM) has
raised the initial dissolved inorganic carbon cantent (TIC).

The Pleistocene ¢lays in the southern part of the caastal plain. which remained outside
the influence of the Holocene transgression, have very dilute pore walers and exchangeable
cations, which are domined hy magnesium (Figure 6.8). This is an indication for cation
exchange, since sodium was the dominant exchangeahle cation at the time of deposition
during the Sungamonian transgression, Simulations of venical solute transport and cation
exchange in these clays during 105 ka of the Wisconsinan regression showed that diffusive
solute transport could not have driven out all sodium from the exchange sites (Figure 6.9).
Only downward advective transport, related o a recharge of at least 5 mm/a, could have had
this effect, This supports the conclusion Irom paleohydrological modeling (Chapter 4) thai
widespread recharge must have occurred during the Wisconsinan despite the hydraulic
resistance of the clays, The high content of exchangeahle magnesium is the result of the
equilibration between exchange sites and very dilute inhiliration water with relatively high
magnesium content (rainwater signature).

Groundwater in the Pleistacene and Neogene sedimenis, which are influenced hy salin-
tration (Ch > 50 mg/l). is characterized hy a sodium deficit balanced by caleium and magne-
sium excesses (Figure 6,100, This is clearly the result of cation exchange accompanying the
diffusive salinization, Simulations of downwied diltusive solute transport {salinization) and
cation exchinge lram the saline Holocene reproduced the observed cation compositions
(Figures 6.13 and 6.14). Cation exchange is taking place mainly in the Pleistocene clays,
where cation exchange capacitics are two orders of magnitlude higher than in the Tertiary
formations. In the Tertiary formations, mixing only occurs between the pre-existing ground-
water (palcogroundwater) and downward diffusing salts. The Paleogene sedimeuts at depths
greater than -125 m contain growndwitter with a sodium excess (Figure 6.11 and 6.12),
which is o sign that the salts in these sediments have not been wransporied by ditTusion from
above, bul that they probahly originate from the deeper saline Cretaceous sediments. This
supports the conclusion from chloride and chlorine-isotope modeling (Chapter 3).

Isotopic signals (Chaprer 7)

High tritium conents indicate that groundwater in the Pliocene sands of the savannah
belt is of recent age (aller 1950) and circulates in systems with short residence times.
Radivcarbon dating of groundwaner - carrected for dead carbon dissolution (SOM) and wcin-
poral clanges in atmospheric HMC activity - shows that groundwater in the coastal plain is
generally older thun 1 ka BP (Figure 7.6). [n the Pleistocene coastal plain. Late Holoccne
groundwaler (1 to 5 ka BPY is found in the upper part of the Pliocene fermation. Deeper
groundwaler dades from Early Holocene w Late Wisconsinan. The subhorizontal position of
the isochrones suggests that paleorecharge was nol confined to the present recharge arcas of
the savannaly belt and the Lelydorp sands. The groundwater ages correspond well with the
groundwater flow sysiems described in Chapier 3 and 4.

The 81C values of dissolved 1otal inorganic carbon (TIC) in groundwater in the coastal
plain fall in the range hetween -17 w0 220 %e. Simple mass-balance caleulavons, based on the
hydrogecochemical provesses deseribed in Clapter 3, lead o the conclusion that 81*C of dissol-
ved carbon divxide in infilirating groundwater must have been relatively high {around —10 %)
during Late Pleistocene and Early Holocene (Figure 7.23. This is auributed 1o a paleovegela-

tion, consisting mainly of plants with o C4 phowsynthetic pathway (mostly grasses and sed-
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ges), thougih C3 planis dominate the present natural vegetation in the coastal plain.-The con
sion that prasses dominated the coustal plain during the LGM and Early Holocene is consist
with the results of palynological studies. Relics of these old grass savannahs in the coastal
plain have survived in the savannah belt. An inventory of all major plants species in the pres
ent savannahs leamed that almost all species, indeed, belong 1o the C4 group (Annex V).
Monthly weighted averages of stable isotopes (5'¥0 and 52H) in rainfall in lh‘e nearh
stations of Cayenne, French Guiana and Belem, Brazil are negatively correlated with mer
ly rainfall {Figure 7.9). This rclation is commonly known in the wopics as the ‘.‘amoum”‘
effect. However, il seeins 10 be an artifuct in this case, as the relation largely @sappeaf.rs i
analyses of daily rainfall a Belem (Figure 7.10). Isotopic variations are associated with s
sonally chinging weather systems and source regions of water vapor. '
Average stable-isotope composition of Holocene groundwater in the coastal pl'am o!
Suriname is depleted with respect to the average composition of rainfall at Paramar'lbo
(Figure 7.11). The depletion is attributed to groundwater recharge in wet months v'wlh rel
vely low isolopic ratios. Groundwater of Pleistocene age is even njore UEp
to Holocene groundwater and rainfail (Figure 7.11). The LGM w .'?DC calder 1 lqda
this region, but does not explain the isolopic depletion in paleepr gitaliog Theﬁ au-al
temporal rclationship between siable isotopes of waer and tempgralurg, cgnmo mids
latitudes, is absent in the (sub)tropics according to many other s dﬁas@llﬁ ng)ré ely t
recharge then was restricied 10 the boreal summer monsoon (M o E}gwsl)gwg h had
most depleled rains based on the present regime (Figures 79 an;i‘?‘-_l X l‘\gjs aly
studies and global climate madeling studies report that rainfall E@igcﬁorgwg
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There are worldwide numerous accounts of fresh (o mdd8tated yigrac 1@__ ubmarin
groundwater, These abservalious may be related 10 (i) large supmarife sprifig often fou
near coasts with karstic limestones, (i} diffuse submarine s;‘!mrgeﬁ__g clasficfcoasts (dk

have been carried out (Figure 8.3). . |
Generally. the observations do not conclusively answer the question, whether offs

meteoric groundwaler belongs (o an uctive topography-driven flow sysiem with onsl_mr
recharge, or 1o paleogroundwater formed by extinct flow systems. Occurrence far offsh
(> 50 km) may be a sign of paleogroundwater, whereas meteoric groundwater c'lose o
shore. especially observed s submarine discharge, is probably related to an aclive coa:
flow system.

The geological conditions ol the coast and continental shelf in Suriname are by n
means unique. This, in combination with the fact that other oecurrences are found all ¢
the world, strongly supgests that offshore meteoric groundwater is a very commeon phe
menon that may well be rule rather than exception.



The offshore extension of meteoric groundwarer (Chaprer 9) ¢ Maode 1: “Harizontal™ seawaler intrusion in the form of the slow landward migration o' the

freshysaline transition zone or “interlace”™ (Figure 10.5). Relerring 1o the reeent Holocene

The question, whether olfshore meteoric groundwater is part of an active opography- transgression this intrusion mode was not the dominant process in most of the

driven flow sysiem or paleogroundwater, has been addressed with an analytical model. The
Sharp Interface Model {SIM) determines the length of the olTshore extension of Iresh
groundwalter in a semi-confined aguiler with onshore recharge and submanne groundwater
seepage. The New Approximate Model (NAM) uses the SIM mode! bul takes into account .
the downward diffusive salt transport through he aquitard. which counteracts the upward
seepage. The approximate offshore extension of fresh water is, according 1o the NAM
model, equal to the distance offshore where the dilfusive transition layer becomes large
enough to creale conveclive densily eurrents in the acuifer (Figure 9.1). The coastal flow .
domain may extend somewhat beyond this point, but groundwater is brackish. The SIM
model approximates the outer limit of this zone.

Sensitivily analyses with the NAM model demonstrated that fresh groundwater gene-
rally does not extend more than 5 km offshore. except when extreme values for model
parameters are adopted. Sensitivity analyses with the SIM model indicated that the olfsho-
re extension of the brackish groundwater tongue will not exceed 50 km. Applying the cha- .
racteristics of the coasts of Suriname and New Jersey 10 these models, learns thal meteorie
groundwater found offshore must be paleoproundwater.

offshore aquifers. The transgression speeds during the Early Holocene for many conti-
nental marging were far higher (> 1(0 m/a} than the critical transgression speed at
which the imerlace could keep pace.

Mode 2: Vertical seawater intrusion by conveelive densily currents (Figure 10.6). This
mode oceurs for supra-critical transgression rates and relatively high-permeability sub-
strate sediments (sand/silt). A wide high-salinity transition zone develops. This rapid
inkrusion mode can keep up even with rapidly advancing shorelines.

Maode 3: Vertical seawater imrusion by diffusion (Figure 10.7). This made oceurs for
supra-critical transgression rates and low-permeability substrate sediments (silt/clay) up
o great depth. An extensive scaward dipping fresh-water wedge develops below a thick,
almost vertically layered. transition zone. Salinization is mainly controlled by down-
ward dilTusion. This intrusion mode is restricted to shelf sediments with very thick ¢lay-
ey sediments below the sci lMoor.

Mode 4: Vertical seawater intrusion by convective density currents of low-salinity Tin-
gers (Figure 10.8). This mode occurs for supra-critical transgression riates and a layer of
low-permeability sea-lloor sedimems (silt/elay) overlying & relatively high-permeability
aquiler. A wide, low-salinity transition zone develops in the aquifer resulting Trom con-
veelive density currents. while a relatively sharp diffusive boundary layer is present in
the overlying low-permeability layer.

The second intrusion mode explains the presence of high-salinity groundwuter in the
exposed sandy aguifers in the western part of the Netherlands, which was inundated during
the Early Holocene, Modes 3 and 4 explain the temporary preservation of offshore meteoric
groundwaler. Although the dimensions of the model are small. the sume process explains the
presence of vast bodies of mcteoric groundwalter far offshore along the coast of Suriname.,
the Netherlands, Indonesia (Java Sca) and the eastern USA {Chapter 8).

Flow and salt transport in submarine groundwarer { Chapter 10),

In coastal and offshore sediments, inverse groundwater density stratifications may
arise, where (i) there is offshore outflow of fresh groundwater in steady state coastal Nlow l
systemns or (i) where fresh sediments become inundated by the sea during a transgression.
which creates an unsteady-state situation, The dynamics of these situations have been stu-
died in three numerical models, simulating variable density flow and solute transport by
advection, dispersion and dilTusion.

Model | served lo investigate the offshore salinity patterns for the situation of steady-
state offshore putflow. On the basis of model experiments threc zones can be distinguished
(Figure 10.3):

+ aproximal stable zone of fresh groundwater, where high upward seepage rates prevent
downward salinization by diffusion and convective density currents:

+  aninlermediate zone with moderately brackish to brackish groundwaler, where convec-
tive density currents arise continuously; although groundwater is brackish, there is still
a net seaward topography-driven flow of groundwaler; in the landward part of the inter-
mediate zone fresh groundwater can still be found at the bottom of the aquifer:

« adistal stable zone with brackish water, where density differences are too small 1o trig-
ger convective density curtents; here topography driven flow and upward secpage have
become very small.

The length of the proximal stable zone corresponds with the Jength of the fresh groundwater

tongue calculated by the New Approximate Modcl in Chapter 8.

Experiments with Mode! 3 simulated the transgression of the sea over a hilly werrain
with a substrale of an ayuifer covered by a clay layer. This terrain represents the dissected
landscape of the exposed continental shell ofT Suriname during the Tast glacial (Chapter 4).
During the transgression the valleys become submersed and lform cstuarics. Salinization only
starls when sea level in a valley has risen (o certain level and fresh groundwater seepage in
the valley has diminished (Figures 10.9 and 10.10). As soon as the entire landscape hecomes
submerged. the flow sysiem reverses. The remaining fresh and moderately brackish ground-
water is slowly expelled via seepage from the former hills or plateaus. either as diffuse se-
page or seepuge through a permeable zone {10.11).

The experiments with Medel 2 and 3 show that metcorie submarine groundwater can
be preserved as palcogroundwater for thousands of years afler the suhmersion of the lands-
cape. The waning of the paleogroundwalers ts an ongoing process. Some ohservations off
groundwater discharge far offshore may be related 1o this process.

Conclieling remarks
The changing salinity patterns following a marine transgression have been investigated

with two dilferent models. Experiments with Model 2, simulating the effects of a sea. encro-

The overall methodotogy of this study is a typical example of an associative approach,
aching on a slightly inclined continental shelf, showed four different modes of salinization:

where data and methodologies from various earth sciences needed (o be combined in order
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o understand more about coastal and olfshore proundwater. This ussociative approach is
essential to the science of hydrology, as the characteristics of water are continuously chan-
ging, while it circulates through - and interacts with - all compartnents of the atmosphere,
lithosphere and biosphere.

During the last years, this study bas wiggered new ideas lor research in related sub-
Jects. Tn this thesis, variahle density Mow and trausport modelling Tocus on salinization pro-
cesses. However, much stll needs 1o be learned trom modelling of Iteshening pracesses on
geclogical time scales. Also salinization mechanisms in more complex layered sedimentary
environments require further research both by field studies using chemical and isowopic tra-
cers and modelling experiments,

As Tor the exploration ol otfshore meteoric groundwater, application of rupid geophysi-
cal surveying techniques, based on Transient Domain Elecwromagnetics (TDEM) and
Shallow High Resolution Scismics (SHRS), is under investigation.

More Insight inte the subnrine dischirge of oftshore meteoric groundwater may beco-
me relevant in understanding processes related 10 gas hydres underneath the sea (loor.
marine ecology and theemo-hatine circulation in the seas.

One of the reasons tor choosing the coastal plain of Suriname as a case study was the
oeedrrence of meteoric groundwater extending 90 kin inlo 1he ofishore sediments. The work
in this thesis shows that this phenomenon can no longer be considered an oddity, but may be
the rule rather rule than exception on a global scale. This of[share meteoric groundwater
may hecome a valuable wier-supply source for densely populated coastal areas, where
water resourges are heing overexploited or polluted. Treatiment of meteoric groundwalter may
involve desalination, but is s1ill much cheaper than desalination ol seawater. This idea is cur-
rently being marketed at the moment by a consortium of commercial companies and the
Vrije Universiteit. One could argue that this resource is non-renewable and that its exploia-
ton is unsustainable, But in m opinion this principle is not valid here. as these bodies of
ulTshore paleagroundwater are so large, that they could sustain coastal populations for hund-
reds 1o thousands of years, In addition, these meteoric waters would grudually disappear
anyway by natecal salinization processes.
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Annex 1.

Sediments and aquifers in the Suriname coastal plain

I.1. The Guiana shield

The Proterozoic crystalline basement of Suriname is part of the Guiana shield (Figure
3.3) and consists mainly of granitoid rocks with numerous elongated dolerite infrusions (De
Vietter et al.. 1998). In the northeastern part of Suriname a region of metamorphic rocks
oceur consishng of melamorphesed volcano-sedimentary rocks (Marowijne Group) and
gneisses and amphibuolites {Coeroeni Group), Metamoiphic rocks (metabasalts and preensto-
nes) underlie the northern part of the catchments of the Saramacca and Suriname rivers
(Figure 3.3)and are also encountered in borcholes in the coastal sedimentary zone (Figure
3.5). The top is strongly weathered. which could be detected in vertical elecirical soundings
(Velstra, 1996): the weathered layer appeared (o have a very low resistivity of around 10

Wm. which was also observed in similar vuleano-sedimentary deposits in West Alrica
(IWACO. 1987).

1.2, The sedimentary coastal plain

The clastic Mesozoie and Cenozoic sediments in the coastal zone form the southern
pan of the Guiana Basin. which extends roughly Irom the Waini River in Guyana to
Cayenne in French Guiana (Figure 3.3). The following descriptions of the sedimentary histo-
ry and of the stratigraphy of the coastal plain are derived mainly from Wong {1984, 1989},
Krook {1979). Hanou (1981). Veen (1970 and Brinkman and Pons (1968).

The depositional eenter is Tocated at the mouth of the Corantijn River, where the for-
mations auain their maxinmum thickness. Sedimentation in the Guiana Basin started in Lute
Turassic o Early Cretaceous times. when the African and South American shiclds begin 1o
drift away (Wong, 1976). The coastal plain is underlain with various Tormations increasing
in thickness and depth wowards the North and enlapping older sediments or the hasement
rocks (Figures 3.4 and 2.5). The thickness of the sediment wedge increases from a few
meiers in the savannah belt 1o 750 m along the coastline and finally to some 10,0630 m about
150 km offshore (Wong et al.. 1998b). The Suriname coast is located on the hinge between
the subsiding Guiana Basin and the rising Guiana Shield (Krook, 1994). Subsidence was
accompanied by faulting and resulted in several horst and graben structures. Structurally the
study area around Paramaribo is located on the lower blocks on the eastern {lank of the
Bakhuis horst. The faults remained active until Early Tertiary times {Waong, 1994, Hanou.,
1981}). The material for the subsiding basin was derived from the continuously rising crystal-
line basement directly south of the basin. Alter the Early Miocene, the Amazon River heca-
me a more important source af supply (Krook. 1979). Eurlier, when the Andes Mountains

were not yet formed. drainage on the South American continent was directed towards the
west (Krook. 1979).



L3. Cretaccous

The Late Cretaccous sediments in the coastal zone consist of tecrestrial unconsolidated
and consolidated Nine sands and kaolinitic claystones, classilied as the Nickerie Formation.
Che Cretaceous contain a high percentage ol feidspar, which implies that the weathered top

has heen croded (Krook, 1979). Appacently during the Cenozoic the impermeahle
Cretaceous material impeded Dushing hy aggressive meteoric groundwater, which leached
mast ol non-guarks minerals from the overlying Tertiary seditments. Near Pacamariho the
Vickerte Formation is Tound al a depth of around -300 m (helow sea level). The wp ol the

<retaceous dips o ahout =3.000 m at the shelf slope 150 km ofishore (Figure 3.6). The wop
W the Cretaceous is recognized by a conspicuous density shilt in geophysical well logs and

seismic surveys for oil exploration,

L4, Palcogene

During the Paleocene and Eocene mainly shallow marine sediments were deposited

turing several transgressive phases. Three formations are distinguished with different facies
Wong, 1986, 1989): the continental Omverdacht Formation is characterized by coarse kaoli-
e sands and kaelinitic clays deposited in alluvial fans and braided rivers in the Paleocene

md Moedplains and coastal swamps in the more humid tropical Eocene. The 10 1o 4D 1w

hick Tormation is locally tound as ~buried hills” capped with bauxite and laterite in a 10 km
vide small zone wound Onverdacht and further easiward. The top of the formation is found

Tose W the surlace around Onverdacht until depths of 30 m below the surlace near
-elydorp. Bauxite is the result of intensive weathering and leaching during the long

Migocene regression. The original sands were probahly arkoses according to Kraok (1979).

Vimost all hauxite in the study area has been excavaied in open mines.
The Onverdachn Formation passes northward into the marine Saramacca Formation,

haugh the transition is not ¢lear due 1o Taulting (UNDP/WHO. 1972). In the study area the

onmation is found between the line Groningen-Lelydorp and the coastline (Hanou, 1981).
Ihe Tormadion consists of aliernaling quartz sands and kaolinitic clays forming series of

lepositional eyetes, beginning with shallow-marine deposits, grading into beach and delaic
teposits and finally ending with fluvial (pointbar and channel) deposits. The lormation con-

ains thick and continuous sand units, which enabled deep groundwater circulation. Oil in
he Tambaredjo oif field is recovered from one of (he lower sand units (T-sands), which is
anlined hy an impernmeable clay layer. The source rocks of the oil are the olfshore Lower
retacenus marine shales (Wouwg, 1998)

The top of the formation is found al a depth of about - 140 m (below sea level) just
wrth of Lelydorp and slopes to - 220 m along the coastline west of Paramaribo,

Furiher North, the Saramacca Formation changes into the Alliance Formeion, which

ansists of silty marls, clays, calcareous sands and lignites, deposited in a shallow-marine
nvironmeat, and in coastul lagoons. Sand layers are not as massive as in the Saramacea
ormarion ind therelore the formation as a whole is much less permeable.

During the Oligocene the sea withdrew (10 million yeurs), while climate changed from
unid tropical to semi-arid. Weathering during this long periad led 1o bauxite formation on

tlengene sediments iand crystalline basement rocks. Erosion products were deposited as
aaided-river and alluvial-Tan deposits forming the Burnside Fonnation. In the Holocene

I

coastal plain, the formation is restricied to several northeasl-southwest oriented tectonic
basins along the coast (Hanou, 1981). The study area is located on one of the basins betw
Groningen and Paramaribo. East of the Suriname River the formation is absent. The
Burnside Forination has been encountered just North of Lelydorp at - 130 m, North of
Paramaribo, near the coastline the top of the formation is found at -180 m. The thickness
varies from 5 m to 80 m in the depositiona! center west of Paramaribo.

Low feldspar contents and the absence of calcite and aragonite in the Paleogene sec
ments are signs of prolonged leaching by groundwater flow (Krook, 1979). Krook ak?‘o
believes that the mostly kaolinitic Tertiary clays (of marine origin) originaily had a high
content of smectites and illites and that they were later transtormed as a result of weathe
and leaching. Magnetite and hematite appear o be the dominant iron(hydrjoxide minera

Thin aquifers with fresh water are found in the Onverducht Formation below the
bauxite caps, though they are discontinuous and of little importance to the regional grou
water flow. The massive sand units in the Saramacca Formation form aquifers of regio
extent. Around Paramaribo, the aquifers of this formation are moderately brackish and n
suitable for water supply, Well known is the T-sand unit at the base of the formation, wh
hosts the oil of the Tambaredjo oil field, 35 km west of Paramaribo. Though groundwat
this oil-bearing layer is highly brackish, fresh groundwalter is found just above the clay
sealing the T-sands. UNDP/WHO (1972) reporis hydraulic conduetivities varying from
40 m/day. derived from stem tests. The total thickness of the sand units is about 50 10 7

The coarse sands of the Burnside Formation vary in thickness from 10 to 60 m an
form a good aquifer, alse called A-sand aquifer. Around Paramaribo, hydraulic conduct
ties and ransmissivities vary from 30 to 80 m/day and 900 to 3200 m¥day respectively
(UNDP/WHO, 1972). The high transmissivity for the Leysweg well field is related to tl
relatively large thickness and gravely nature of the aquifer near the depositional center
Burnside Formation West of Paramaribo. In the southern part of the Holocene coastal ¢
the aquifer contains fresh groundwater. A tongue of fresh water protrudes to the city of
Paramaribo (Figure 3.7), where the aquifer is heavily exploited for the drinking waler s

ly.
it Clays below the Burnside Formation probably have a high hydraulic resistance a:
as the salinity of pumped water in the well fields only slowly increases due to lateral a
tion rather than by upward flow (rom the more saline deeper strata.

1.5. Neogene

During the Early Miocene transgression, clays, sandy clays and sands with glauc
and lignite layers were deposited as beach sands and swamp clays with mangrove veg
( Coesewijne Formation), Compared 10 the older formations, the deposits of this forme
contain much more clay (40 to 80 %), originating from the proto-Amazon calchment.
continental shelf, the facies of the Coesewijne Formation changes into a shallow-mari
bonate platform (Figure 3.6). Afier a regression lasting 2 lo 3 million years, sediment:
resumed during the mid Early Miocene. More sands (beach and fluvial deposits) were
deposited. In the study area, the lower, more clayey part of the Coesewijne Formatior.
only found in the Holocene coastal plain at a depth of around -95 m. The upper, more
part extends as far south as the Rijsdijk Road in the Pleistocene coastal plain, though
absent on 1he buried bauxite hills around Onverdacht. The depth of the 1op of the



Coesewijne formation varies fram -65 m te -75 m along the coastline.

After a long regression of aboul 5 million years during the Late Miocene, the Pliocene
started with a transgression reaching as far as Republiek (Kroak. 1979). The transgressive
deposits have been renioved largely during the subsequent Pliocene regression. Mainly coar-
se, white and brown, kaolinitic sands with interbedded kaolinile clays, were then deposited
in braided streams and on alluvial fans under semi-arid conditions (Krook. 1979. Van
Voorthuysen, 1969). These deposits, comprising the Zanderij Formation., crop oul in the
savannah belt. Intensive weathering and leaching gave the suvannah sands their characte-
ristic bright-while appearance. In the coastal plain, the Zanderij Formarion dips below
Quaternary sediments. At the coastline, the formation is found at a depth of -35 m.

Just as the Paleogene sediments, the Neogene sedinents eontain hardly any wenthera-
ble minerals like calcite and the more unsiable silicates {Krook, 1979). Unpuhlished minera-
logieal analyses by Krook (related to Krook 1979) shaw that limonite {amorphous iron
hydroxide) is the most abundant iron(hydrjoxide in the Pliocene and Miocene formations.
He also found authigenic siderite in the top of the Pliocene formation. Pyrite appeared to be
present in all Tertiary formations. The mostiy kaolinitie clays in the marine Coesewijne
Formaticn may have been transformed from clays with a higher smeclite and illite content
through weathering. as Krook (1979) suggested for the Paleogene clays.

Despite the large clay percentage ol the Coesewijine Formarion the individual sand lay-
ers are permeable and are generally grouped into two aquifers (IWACO/E.R. Harrts, 1991).
Sand units below a depth ol -110 m comprise the Lower Coesewijne aguifer and are only
present in the Holocene coastal plain. The Upper Coesewijne Formation contains thicker
sand units and forms a better aquiler than the Lower Coesewijne aquifer. The top is found at
a depth of -65 m, near Lelydorp, lo -75 m along the coast. The total thickness of the sand
units in both aquifers varies between 5 and 15 m, while hydraulie conductivities vary bet-
ween 40 and 70 m/day (UNDP/WHO, 1972). South of Lelydorp the aquiler is hydraulically
conneeted with the Zanderij aquifer. Though the Upper Coesewijne aquifer exiends almost
to Republiek in the South, it is absent on the bauxite hills around Onverdacht. North of the
main coastal East-West road and along the Suriname and Saramacca rivers, groundwater in
the Coesewijne aquifers is brackish (Figure 3.7). There are several pumping stations the
Holocene coastal plain, which recover water form Lhese aquifers (Table 3.2 and Figure 3.1).
The clays and lignite layers in the fower part of the Coesewijie Formarion form an eflective
aquitard, as indicated by the originally artesian groundwaler heads in the Burnside aquifer
(Section 3.6.3.).

The Zanderij Formarion forms a continuous aquifer with a thickness of several melers
in the savannah belt to 40 m along the coast. The Zanderij aquifer is absent on some of the
more elevated bauxite hills. Various pumping tests carried out in the Pleistocene coastal
plain report transmissivities varying from 300 m2/day at Republick to 1400 m¥day at
Lelydorp (IWACQ/F.R. Harris, 1991; Terracon Anguilla Ltd, 1994; Mente, 1990a). The ave-
rage hydraulie eonductivity of the sands is 50 m/day. In the Holoeene and part of the
Pleistocene coastal plain, the aquifer contains brackish groundwater (Figure 3.7). Fresh
groundwaler is present in the area around Lelydorp (below the Lelydorp sands) and, lurther
South, in the savannah belt and the adjacent eoastal plain. The aquifer is exploited for the
drinking-water supply of Paramaribo (Table 3.2 and Figure 3.1) and also for the SURALCO

bauxite refinery at Paranam,
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[.6. Pleistocene

In the Pleistacene coastal plain between Republick and Lelydorp, marine deposits are
found relatcd to one or more Pleistocene transgressions, The deposits classified as the
Coropina Formarion consist mainly of clays (mudilals) interspersed with sand barriers. At
the base of the formation also fluvial sands are found in some places, marking a continental
sedimentary environment during the Early Pleistocene. Two memhers are distinguished
{Brinkman and Pons. 1968: Veen. 1970). The Para Memiber dates from the Early Eemian or
Yarmouthian (Holsteinian) interglucial and consist mainly of warine clays. The top of the
Para Member is eharacierized by strong mottling (paleosol). The Lelydorp Member, which
contains more sandy deposits than the Para Member, is prohably formed during the Late
Eemian interglacial. The Lelvdorp Member is found in the northern part of the Pleisioecne
coaslal plain. Characteristics is the elevated camplex (up 1o L1+ msl) of sand harriers around
Lelydorp. These Lelvdorp sands form a more or less conlinuous shallow aquifer. According
@ Van der Eyk (1957), Eemian sca level reached a maximum of 8 m above present sea
Jevel. Brinkman and Pons (1968) distinguish two phases for the Lelydorp Membher: Lthe
Onoribo phase characlerized by deposition of clays rich in organic material and pyrite
during a rising sea level. and the Santigron phase, during which clays with less pyrile and
sand barriers were deposited afier sea level had reached a stahle level.

Weathering during the Wisconsinan affeeted the Pleistoeene sediments consisting
mainly ol clays. Carbooates have largely disappearcd (< 0.3 %), Also organic maller conlent
is generally low (< 0.4 %), though Veen {1970) and Levelt and Quakemaat {(1968) occasio-
nally found high organic carbon contents in the lower part (up to 12 %), Oxidation can be
recognized by the intense yellow and red mottling of iron oxides formed after breakdown of
siderite and pyrile. XRF analyses of a (ew Koewarasan samples showed that sulfur has
almost entirely disappeared, According o Veen (1970) and Levell and Quakernaat (1968),
weathering also transformed the clay minerals. Data of Level and Quakernaat (1968} show
that kaolinite eontents have increased at the expense of illite conlents in comparison wilh the
composition of Holocene clays. The content ol smeetite is comparable to that of the
Holocene clays (0 - 20 %). Finally it is worth noting that the Pleistocenc elays in the South
contain acid and very dilute pore water and have a low base saturation {(Levelt and
Quakernant, 1968: Veen, 1970).

The Lelvdorp sands act as a local aquifer with a thickness of 2 1o 8 m and contain lresh
groundwater. This groundwalier is recovered in open dug wells in remote places not connec-
ted lo the public waler-supply system. Long-duration tests with several piczometers, carried
aut only in the Pliocene Zanderif aquifer (IWACO/ER, Harris, 1991 » Terracon Anguilia Lid,
1994: Mente, 1990a) showed that the clays of the Corapina Formarion have a very high
hydraulic resistance varying from S x 104 0 more then 2 x 105 days. Given the thickness of
the clays, the vertical hydraulic conductivity is about 10~ m/day.

1.7. Holocene

During the Early Holocene (12 ka to 6 ka BP). sea level rose from a depth of 100 m to
fis present fevel (Roelcveld and Van Loon. 1979; Fairbanks, 1989). In the course of the sea-
level rise. the Jarge sediment load of the Amazon River could no longer be discharged in the
deep sca far offshore. The sediment was taken northward with the Guiana Current and depo-



siled along the coast. The Holocene sedimenis obliterated most of the Pleistocene erosion
topography. Because the Holocene transgression did not reach the level of the previous
Sangamonian transgression, the Pleistocene coastal plain in the south was spared, though the
vullies were filled with the peaty clays of the Mara Formation and can siill be recognized as
swiamps. Afler sea-level rse slowed down between 7 and 6 ka BP, coastal aggradation began
and extensive tidal-Mal clays aliernating with beach barriers with sands and shells were
deposited in the Holocene coastal plain (Coronie Formation). Brinkman and Pons (1968)
discerned three distinclive phases in the coastal aggradation: the Wanica phase from 6 10 3
ka BP, the Moleson phase from 2.5 1 1.3 ka BP und the Commewijne phase from | ka BP
w0 present. The main part of the Holocene coastal plain in the study area dates from the
Wanica phase. Only North of the Paramaribo-Groningen road and the Commewijne River,
recent deposits ol the Commewijne phase are found. In the litoral zone sedimentation and
coastal aggradation continues (Augustinus, 1978; Augustinus et al.. 1989). A scries of mud
hanks, where suspended load from the Guiana current precipitaies, is conlinuously moving
westward, while between the mud banks energy-rich environments create elongaied beach
Barriers. Qceanographic surveys show that these mud deposits are present on the sea floor 1o
G distanee of 30 km oflshore and have a maximum thickness of 20 m (Nota, 1958, 1969).
Further North, sundy. deposits are found on the sea floor. Just as in the coustal plain, the
Holocene deposits have obliterated the Pleislocene topography apart from Pleistocene paleo-
channels of the major rivers like the Marowijne (Nota, 1971). Other submarine morphologi-
cal features are old coastlines and coral reets, which indicate interruptions of the Holocene
ransgression. A coastline at a depth of 21 (0 25 m was found dating from 8 10 9 ka BP
(Nota, 1958;Van der Hammen, 1963). A coral reef at 80 to 90 m depth has an age of 12 10
[7 ka BP (Nota. 1958 1971).

The clays of the Coromie Formation have high smectite and illite (30 1o 60 %) and low
kaalinite (< 30 %) contents (Eisma and Van der Marel, 1971). The smectites and illites origi-
mate from the Andean mountains and were transported to the Suriname coast by the Amazon
River and its tributivies and, subsequently, the Guyana current {Gibbs, 1967). According o
analyses by Eisma and Van der Marel (1971) and samples trom the Koewarasan and
Tourtonne horeholes (Chapter 5), carbonate and organic master content are about 2 -6 %
and -2 9 respeetively. The elays are also rich in pyrite. formed after deposition (Brinkman
and Pons, 1968), as can bhe derived from the XRF analyses of Koewarasan and Tourtonne
sumples (sullur contents from (.2 10 0.8 %). However. afler regression in the Late Holocene
tafter 4 ka BP), soil forming processes in the upper few meters of the Holocene ¢lays led o
pyrite oxidation and aciditication (Brinkman and Pons, 1968).

The sands and shells layers in the Holocene beach-barrier deposits Torm local aquifers.
[rom which groundwater wis recovered by open dug wells belore the construction of the
City water-supply system in 1933,

Annex II.

Map of the Suriname coastal plain around Paramaribo with samr
pled wells
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Annex III.

Chemical and isotopic analysis of groundwater in the Suriname
coastal plain (for locations see Annex II)
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Chemical and isotopic analysis of groundwater in the Suriname coastal plain (for locations see Annex IT)

L

Wen Location coeoTFomaton] Dopn] Dats | Tome| o Lab| A ECLab|Ecvel| O | B | GO3 | HOOS'[ SO47 ] NOI Na' | K]
m °c pS/em | pSiem | mmotd | mmott | mmot | mmolt | mmoid | mmotd | mmeld mmotd | mmold
Samples with analyzas of afl macrolons and elecro-neutralty eror < 10 %
w2000 |Kaba 1 2| 75| 170802 8.2 61 0.077 0.032 0.357 0107 0048
w2000 |Kaho 1 2| 75| 81-06-93 5.26! 24 0.121 0.045| 9.009 0.120
4200w |Kkabo 1 2| 75| 170889 5.84 25 0,133 0.008 0.114
w2800  |Kabo 1 2| -75| 170880 6.13 26 0.149 0.014| 0.010 9133 ©.002
w2800 |Kabo 1 2| .7.5] 61-06-83 638 24 0124 0.067| 0.004 0,141
wagoO  |Kebo i 2| 75| §7-08-83 535 ) 0.130 0.004| 0.015] 0.015 0.123] o009
oMoOW  |Kabo 1 2| 75| o1.08-80 525 57 0.465 0.004 0.3501
QapowW  |Kabo 1 3|  .7.5| 17-00-83 453 55 .28 0.001 0023 0.232| 0.001
WM Kabo ' 2| -75| 17-08-83 635 24 0.098 o.051] 0.011 0.097| 0.003
6000 |Kabe 1 2| 75| 010083 627 as 0,124 0052] 0.015 0.025 0.204| 0011
0700w [Kabo 1 2| -7.5| 170880 6.52 34 0,122 corsl o010 0.022 p.189 9.006
0700w (Kabo 1 2| -7 010683 5.93 2 0.090 0.016| 0.010| 0.044 0.112
osoow  [Kabo 1 2| 78| 170883 5.4 a7 0.250 0.005 0.207| 0.003
0300w [Kabo 1 2| 75| 010683 6.07 62 0.421 0028 0021 0.02¢ 0.357| 0.018
172 van Haftemweg 1 2| 02| 110972 7.4 D451 1.700| 0.104 1217 o.102
176 Meerzorg 1 5| -151.1] o05-12-80( 30 7.1 400 3385 1344 0,185 3.740| 0.230
182 Haarlem 2 a| -760| :m-12.82) 28 6.6 330 1.018 1.721| o4e8| opo1| ocos2l 2827 o125
/B2 Hoarfem 2 3| -76.0] 14-07-85 asg| 727[ 67 2173 14500 16.107 2.508| 1.197] ©0.00§ 14.049| 0.260
1788 Ak 1 2| 492| 93-12-.90| 243| 6.05 zo1 1.692 1100 003z o004 1.652| 0.086
10470 Lalding 9a 1 5[ -183.5] 29-91-71 6.7 9.393 0.049| 1.900 9655 0212
1071 Morleo Il 1 a| -823| 21-08.7 8.2 4936 og49| 2200 0551 5.959| 0.102
1071 Morics [F 1 3| -a2.a| 29-01-70 6.7 9393’ 0.048) 1.800 ©.656 0.212
11 Mudlake SURALCO 1 2| 344 150008 266 5.9 246 5.854 1.249 5.394| 0.130
1773 Mesrzorg I 5| -151.1) 0s12-80] 0] 7.18 460 1,948 1.442) 0.166] 4219| 0.230
12 Mudlake SURALCO 1 2| -25.1| 15.03.95 267 6.6 2810 18.545, 4938 17.833) o439
1272 Mon Plaisirweg 1 4| -125.0] 10-05-72 6.9 1.382 1200 1770 5.480| 0.102
12 Mudlake SURALCO 1 2| 20.0] osas9s| zs8| 673 5750 37179 21819 43932 0987
1372 Alisdik South 1 2| -20.3| 31-12-90| 2.9 5.89 180 1.100 1118 0.083 0.805 1.043| 0040
14 Mudlake SURALGO 1 2 -200| 050595 268 6.3 2429 17.827 a.172 20.530| 0.506
1472 |Risdik 1 zL -34,5] 311290 273 773 330 1297 2721|0034 0,004 0.869) 0.089
= analyses of other paraneters are continued on page 179 w 189
Well Location Screen| Formation| Depth | Date | Temp| pH-Lab | pH-Fid| EC-Lab| Ec-Veld|  GF 8 | 03" | HCOX'| SO4% | NOZ' pQ4-orh] Na® K

m °c usrem | pSem | mmoln | mmota | mmotd | mmald | mmeola | mmetd | mmeld | mmold mmoll
15 |Mudlake SURALCO 1 2| -2a0| osos9s) 28| 645 3570 27.447 10.790 32.187| 0639
1671 Meerzorg 1 5| -1511| 07-07-71 6 5415 1.000| 0.145 5176 0179
1771 Pad van Wanlca 1 2| -a8.a| oa-08.71 6 17235 0,500| 1.218 7872 w284
18789 Rilsdijx 1 2| -59.4( 31-12.9p| 233 605 376 2200 0260 0.584 0001 2914 0053
2769 Houttuln 1 4| -126.2| 020671 33 2977 0349, 0800 o468 4393 0.153
87 Koawarasan 1 a| .s40| 0707-95) 282 78| 598] Ba5| B34 4073 1579 1249 z474] 0.143
2171 Welgedachi B 1 3| -&47| 2202.72 6.4 0.761 1.500| 1.207 1870] 0.104
2173 L andsboand. (Javaweg) 1 2| -aso| 3r-12.50| 254 s21 623 4082 1080 0.762 oon2| 2522 0.086
221 Commrwifne km2d 1 a| 67.0| 27.07-71 5.4 51622 9.208| o©.100 35.708( 0.409
272 Ailsik 1 2| -169| 01-08-72] 8.5 0,366 9.049) 1.604 0.782| 0.102
71 U Craneweg 1 a| 63| 02-09-71 5.7 1,015 1000 0545 1813 ©.051
2571 Magenia/Welgedacht £ ' 3| -s9.4| z7.08-m1 6.9 1,128 0.900] 0.156 1522/ 0.040
2572 |Gamizoenspad 1 5| .1727| ospe-9s| 28| 633) 632 404 330 1861 1934) 0.014) 0.001 2.492| 0.136
2572 Gamlzoanspsd 1 s| 1727 200972 8.1 2.256 1.700 2218) 0102
2671 Carohng 1 2| ool 21087 4.7 1.128 a.osq| oa22 1043 D.051
271 Hulena Cheistinaweg 1 2} 625 15-09-T 73 1.523 0.800| 0.728 1.696) 0,153
271 Rifsdik 2 2| 52| 08-04-71 72 1.054 0.149| aBo0| 0135 1,729 0.083
7Y Aljsaik 3 2| -za0| s1-1271] 2 6.5 145 Da1& 1327 0031 oo001f 0.007| 1000 0.074
¥ RAisdij 1 3| -78.1| 09-03-71 8.3 3413 0. 199| 1.100] 1.082 5.785| 0.158
m2 Meursweg 3 2| .3pc| o4-0a95) 268 62| s01| 343 288 2.039| 0.0035 0836 a.003] 0.004 1.513] 0.059
82 Meursweg 1 a| -68.0| osos-95| 279] 27| 665 5581 4780| 51.791| 0.0826 1.163| 2884 0.006 25232 o521
91 Helena Christinaweq 1 5| 1340 12112.06] 2a8] 77| s8| 541 S30 1829 1030 1.009) oooz| 0003 .23 0.163
81 Helena Christinaweg 1 5 .1a4.0| o707.95] zos| e7s| s576] se5| 520 1695 1228| 1.a22 3392 0.167
k) Lekiing 9a 1 a| 74| 1ea7-8s 297 68 6.0s| 1264] 1187 s0m 2737 2311 o.4a 3692 0.300
21/ Helela Christinaweq 1 3| 72 31017 72 1.974 1.000| 0.730 2435 0.191
T Hetena Christinaweg 1 3f 872l 121208] 272l  eael 57| s2mE| 1213] 6420 0206| 1399 0.004| ocos| 4578 027
3171 |Hetena Crutstnaweyg i a| w72 o7or-e5| 273 585 56| 13| 1280] 9365 0.52¢] 1,405 o0.020 a784| 0204
3182 Kogwarasan 1 a| «6c| o7ores| 27i| e77| 618 1021) 1036] 5669 1508 1.468] 0.024 2.857) 0.180
a1m2 Koawarasan 1 3| 650 1312 211 B.64 6 965 an 5440 1520 1609 0.001 0.008|
fe=Tzgl Helena Ciwistingweg 1 2| -a77| 30-08-71 6.1 13.737 0400 o0.801
3571 Tawajartweg 1 2| 30| 181071 64 2059 1100 0520
38T Zorg en Hoop {Cor.str.) i 5| -156.8] 151071 58 5359 1.400
371 Sidodadaweg | 1 2] 485 09-11-69, 7 | 0,535 1300] 06.553




wel Locatien Soreen | Formation] Depth |  Date | Templ pH-Lab | pH-Fd| EC-Lab| Eoveld|  ©F Br | Co3® | HCOS | S04* | NC3' POsorh  Na' K
m °c uvern | uSiem | mmold | oot mmol | mmott | mmotd | mmotn | mmot1| mmott | mmold
4 Mudlake SURALCO 1 5| -32.7[ 1503-85 26.6 €3 18160 153,653 21.780 145,280 2225
4E70w  |Kabo 1 2| .75 17-08-83 653 30 T o7 n.078 0.109| 0.001
4570w |Kabo 1 2| .75 010683 652 3 0.098| 0.074| 0.004| 0.089 £.098| P.030
470 Lelding & 1 3| -77.6 0106 79 2877 2.100| 1.749 2435 D91
471 Commetawane Kreek 1 2| 976 080071 6.7 7,785 0349 2800 1.520 9.612| D58
B2 Rilsdifk South 2 2| -asa| araz x 44 810 7616 o044 0.t97] 0.001] 0005 4.784] D79
4m2 Riisdik South 1 2| -s43] 2112 28 6.7 1100 9.792 1.213| osas| 0001 06003 BE1E 0237
4m2 Rijsdik Seuth 3 2| -153 a11282) 28 6.5 570 4836 oge3| c.os3| o0.001 oop4| 3435 0.63
4138 Rijsdifi 1 2| -2r2| ;a2 244 839 303 0.853 2,131 0.042 p.o48| 1217 0048
4799 Rffsdifk 1 2| -38.8 31-12.82( 275( 595 a32 3.554 1079 o021 0.002) 2957 0.048
40/71 2o0] &0 Hoop [Posioh,) 1 5| -157.3[ 05-11-71 69 4710 1.500 T 4.480| 0.158
41771 Zoeg 81 Hoop (SWCCO) 1 s| -1587( 1111 6.8 3.921 1.400 2871 0148
42/71 Cargling 1 2| a7 2a-11-70f 6.4 0.253 0.400) 0.185) 0.102
5 Mudiahe SURALCO 1 1| -14B| 130985 256 71 10450 70296 36.498 0474 2301
sm2 Rijsdijk 3 2| -162( 31-12-82] 59 1,805 0.754 0.001| o200 15685 0.204
532 Ripsdife 1 2| 572 31-12-82| 6.1 2.690 0.852 0.017| 0.007| 2783| 0153
s/g Rifsdijk 1 a| 938 sr1-1282( 228 576 520 4.259 1318] 097 0,003 3.897( 0.117
550 Groningen 1 4| -136.0) 26-07-95) e52| e85 758 e85 2,029 2.000| 1.624] 0222 4.480| 0217
6/200W  [Kebo 1 2|  -7.5| 01-06-83 7.76 145 0.120 1.264| 0012 0.050 0.543| 0.045
614000  [Kabo 1 2[ 75| 17-08-83 613 31 0.118 0.022| o019 v.021 0.077| ©.029
54000  [Kabe 1 2| -7.5| 01-08-83 627 25 0.128 0.039| 0.002( 0.009 0.090( 0.018
6400W  |Kebo 1 2 -7.5| 17-08-83 547 36 0.152 0.085 0.018 0.172| 0.005
6/400W  [Kabo 1 2| -7.5| 010583 484 45 0.062 0.002[ 0008 0.231 0.176| 0.008
8/600W  (Kabo 1 2| 75| 17-08-83 6.03 a1 0210 0.024 0.023 0219 0017
/600w [Kabo 3 2( .75 010683 661 43 0.188 p.080| 0002 0.041 0.222] 0.013
672 La Vigllaniia 1 2| 234 01-m3-72] E.5 15.786) 2200 0197 15963 0220
8/82 Rijsdijk 1 2| 43| 31z e 4.7 800 7618 o.120| 0114 0.008( 0007 4.215] 0.204
6/89 Risdik 1 2[ -a89| 31.12.90 272] S61 1256 10,12 0.719| 0.653 0001 8655 00
G/CENT  |Kabo 1 2| 75| 1708 691 39 0.128] D148| 0.020 0.160| 0.001
GCENT  [Kabo 1 2[ 75| 010683 6.88] 30 0.117 0.147| 0.008 0.127
A Mudlake SURALCO 1 &l -a0.8) 150395 267 5.6 10090 108.71 3372 73.945] 1.432
w72 Tiigerkreek 1 4| -120.0| 15-07-72) 7 2,877 4800( 2915 11.570] o0.161
bk Helena Christinaweg 1 2| -51.5] 20-07-95| 272 6.53]  6.34 747 698  4.400 8721 1239 0012 3.736] D154
Wolt Location Sereen | Formation| Depth |  Date ] Temp| pH-Lab pH-Fd|EC-Lab| Ec-velk CF Br | COT | HCOJ' | SO4% | NOF POsorh Na' [g
m °c pS/om | uSvem | mmott | mmotn | mmott | mmotd | mmott | mmot | mmold | mrmoit mmoli
782 RAigsdifk 2 2| -2z4| 1282 28 B.5 760 6.629 0.688| o0.218| 0001 0005 2871 0184
7082 Aljsdijk 1 2| s24| 31-12-82| 28 5.8 82q 7.616) 0a11| 0.093 0001 ooo5 4219] DIN
7A Muglake SURALCO 1 2| .095| 1503.95 269 6.2 17000) 133,765 2,637 108.612| 1,482
8 Mudlake SURALCO 1 1| -17.2| 150385 267 8.7 12570) 112,496 25.786 0.008 113.002] 2058
ar72 Adhinweg 1 a| -1140] 11-04-72 6.7 8.603 0,600 0270 6263 D.148
882 Rijsdifk 1 2| 210| 311282 28 63 570 4,936 os7a| o0477| o011 ooozl Ae01| 0471
B1 Benl Park 1 5l -174.2| 160795/ 316 7.3 456 1975 1677 14.753 2655 0.622] 0.001 10.874] 0212
BL1AMT  |Blavwgrond 1 5| 177.2| 270685 3a 695 64| 1375 1388 6.505 0.0150 2918 0.170| 0.006 10265 0.204
C10 Zorg en Hoop 1 s| -157.5| es-1280( 20.5( 6.88 440 4.785 1.195) 0.104 4219 0230
D3A72  (Livomo 1 s| -tse.8] J0-06-85| 298| 6.85( 609 607 613 2877 1.639) 0583 0.009 4.158] 0.150
E1 Zorg en Hoop 1 5| -157.5 31| o1 840 8.224 1,344/ 0.052 7.5280 0.306
EBS Zander) ' 2 50 2771 708l 58] 134] 136( 0248 1049 o.oos| 0.00s 0.000 0181 001§
GMD 22  |Koewarasan 1 4| 1285 58 4598 0.009 0.800| 1.301 2057] 1843
GMD 23  |Alliance 1 4| oS 7.7 5.557 0.999| 6.600| 1883 10,308 0434
GMD 7 Mearzorg 1 5| -144,5 6.7 5.190 0.099) 1100 0.145 5176 0.194
GMOD D1 |Kampong Baroe J 1 4| 1265 65 2708 D.043| 1,000 1.228 4523 0252
H1/87 Highway {S. af Parana 1 2| -143 27.1 55 66 0.366 D229 0.007
H1-2/80  |airpert Zander| 2 3| -143 z38| 583 54 0.112 0.243 0082 0247, 0.010
HOY Hoy Kreek 1 2l 45 27| 5.8 542 &5 35 0.82 0.087 0.007 0157 0.004
JHG Kwalla weg 1 3| 760 63 62| as18| 2530 JIn220 2.147 15.963| 0.465
K1 Koewarasan 1 1| .12 721  ea| ssh 17.600) 3.550 0.035 28.600( 0.051
KW Koewarasan 1 1| 12 721 78 76.500 2450 0.324| 0.008| .68.600 1.080
KW12 Koewarasan 1 1| 122 718 84| e320 B2.000 4490 p.0zs| 0.002) 55600 0961
KW16 Koewarasan 1 1| 162 a7 89900 p212| 0.002) 66000 1.130
KW17 Koewarasan 1 1| -17.2 798| 82| 956 79.000} 1.860 0.853| 0.001| 45900 0.856
KW19 Koewarassn 1 1| 192 796 78 81.700] 1,139 0.039| 0.003| 48500 0.857
Kw3 Koawarasan 1 o =2 21| 75| ears) 30.600 £.250 0.025 0.020| 41.500 0.850
KW Kogwarasan 1 1] 8.2 7i2| 82 7334 22,100 0.990 0.065 34500 0847
L1891 Leysweg 1 3l -840 289 61 G| 1485 1430] 0.860 0.831 0.003| 0.005 5.178 0.315
L1014 |Van Hatlonweg west 3 a[ =710 244 601 403 1,100 1.818) 0183 2566 0.051
L1-2780  [Van Hattonweg west 1 3| -745 252 584 290 1,184 1.180) poo3| 1478] o
L1590 Van Hatterweg west 1 2[ 505 mnel 524 333 0.887 2.508) o004| 1.775] 0.081
L16-180 |Van Hatterweg west 4 1| -8 249  559| 309 0423 2704 0.391] 0.058)
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well Location Screen | Formation| Depth | Dale | Yemp| pH-Lab| pH-Fid| EC-Lab| Ec-Veld| Cf B | COOF | HCOS | 5047 { NOS Na' K

m °c pS/em | pSem| mmott | mmott | mmott | mmott | mmett ] mmold | mmot | mmold | mmald
TO13 Tournonne 1 o| -132] 1302987 725 76| 234700 473.000) 10.830| 0.461) 0001 0.052| 3550001 7.000
TO15 Tourtonna 1 o| -rs2| 130297 r25|  7.6| 24050 443.0004 16210] 0568 0,097 0.031 306. 5580
TO17 Toarmtonne 1 a| -r72| 130297 725| 77| 32es0 448,000 16520] 0559 o041 gosS8 215000 6370
TO19 Teurlonne 1 o| -192| 130247 725 7.5 ateen 405,000 15.460] ©0s8sa| 0.1:| 0.056| 324.000] 5450
021 Tourionne 1 o| -212| 12-02.97 725 76| 20880 477.000 12760 1.779| o0045] pods| 295000 5760
023 Touronne 1 0| -202) 120297 725 75| 28700 347.000 14570] 0525 0026| 0.117( 305000 4.430
TO2S5 Toumonne 1 o| -252| 130297 725 75| 27250 341.000 14480! 0550( oo029| D03V 329140 4450
TO2 Tourorne 1 0| 32| 130297 731 82| 14980 143.000) 17.120] 4379 0079 0.160( 138,000 3.070
TO5 Tourionne 1 o| -s2| 130297 86 136.000) 8.439] o048 0.026) 126.000] 3.990
07 Tourionne ( o| 72| 1302497 724/ 75| 33530] 426.000) 18.990| 0379 0.106| 0.089| 335000 5710
TO9 Tourlonne 1 o -p2| 130297 729 77| 35080 498,000 18.510] 1019 0067 0.075) 349.000 7.420
TT4%1 Tourtonne 1 sl <1as| 17-1208) 328 707 &2 1108 1120] 7.029) 2720 0089 0008 opo3| 8279l 0218
Y41 Tourtgnng 1 s| -184.5| aoo06-95) 313 733 6237 1138) 1236) 7.559 a.000] 0.058 8045 ©.187
w2 Tambaredjo oll fieid 1 6| -209.0| o3o197] 24[ 755[ ss8| 1437 vezs| 8920 5.600] 0.083 0.002| 11700 0266
Wi Zorp BN Hoop 1 5| -157.5] os-12.800 31| 703 540 5.359 1.442] 0.968 5263 0230
w10 Paranam 1 2| -300| 20-03.85 277 53 99 0.493) 0.149 0.003 a.500| o008
WA Paranam 1 2| -apo| 2003-95| 259 5.1 117 0.599) 0237, o.643| o0.020
W-5A Paranam 1 2| .apo| 20-00.95 28.2 48 122 0.753 0.178 0.674| 2.018
WWCS  |Tambaredio ofl flekd 1 4| -107.0| 24-07.98] 305 €87 65| 1674 1810 4541 3737 4779 0.604 10265 0.416
WWSM  |Tembaredjo ofl fiekd 1 5| -155.5 24.07.85( 20.1| 743 ss8| 810 801  1.80§ 4065 1822| 0161 6.437| o0.248
ZOR-GR  |2e¢g en Hoop 1 s| 05| 15-02-72] 62 2.213] 1,500, 0.708 a.s23| o479
ZOA.GR  |Zorg en Hoop 1 sl 05| 311282 A 82 840 7,503 1262| 0.145 0.037 6.785] 0281
2vt-290 [Vierkdnderen 1 2| -34.3| 311200 238 &4 720 7.165 1200 0134 o.01| 7918 0.173
2v1-290  |vierkinderan 2 2| 123 250898 323 654 603 a0 80| 9.138| 0.0000 o.644| 0018 0003 oo0s| oavel 0047
Zv1-2/30  |Vierkindersn 1 2| 343 2508-95| 3z1| 714 7os5| w018 1w01?|  6.420| 00118 2g80] 0.036] 0008 0022 €819 0.235
IVS/B7  |Mana t 2] 140 140487 25 B 130 0A4DD)

Samples with Incomplets analyses and electro-neutrality smor > 10 %

onso0  [Kebo 1 2| 75| oi-0s-83 3.84 83 0,040 0.009 0299 0.025) 0.028
0200w |Kabe 1 2[  -7.5] a1-06-83 § 16 0.032 0.022| o015 o021 0037 0.009
'13";200 ::Lust : : a;: 01-106-33 5.95| 7 0.103 0.021] 0023| o005 0087 0.004
69 Stotkshust 2 iy 1o . = broq 2ot 3740, 288

-52.5|6/111971 5,190 2,061
1%5 | Stotkslust a 2| wazlenrort | | | 17.864 1.999

el Locatlon Sorean] Fommation] Depih|  Date | Temp| pH-Leb | pi-Fid| EC-Lab|Ee-veld]  CF | BF TOS” | HCOS | SO47 | NGO podoth Na™ | K

m “C ps/em | pSiem | mamowt | mmotn | mmott | mmoin | mmal mmolt | mrmit] mmoln | mmold
1770 Tout Lul Faut 1 5| -143.8| 30-06-71 2864
182 Haerem 1 4| -11t1.0[ 311282 28 62 1500) 0.705 3z7s| o0.187] o001 opo7| 22.483) 0322
12 Haardem 3 2| 470 3112821 28 6.7 250 0507 1803] 0010 0001 0055 2914 0.09
000N |Republisk 1 2| 116l 28.02-20) 58 0.1689
1000 5 Republiak 1 2| -3 19-63-3q 5 0.169

- 0.200 1,509 0.104

11772 Mainroad/Coroping Cr, 1 2| -16.5 2504-72 [
1371 Markso Wast 1 al .79.4| 01280 27 731 786 5641 2,655 0864 4.915| 0.537
171 Morkeo West 1 3| -70.4| 280771 5641 1.100| 1.665)
14772 Rijsdifk 1 2| 845 8.1 0.451 0.024] 1.500 0.652] 0.102
1571 Rlfsdik 1 2| 198 0.789 agoo| 0.083
1500W  |Republiek 1 2| -15.7| g 0.143
2/68 Houttuln 2 2( 271 35,937 9.708
270 Gronlngen 1 4| 1328 6.4 2.228 0.049| 1.600 5089 0230
270 Groningen 2 al 854 64.680
272 Pisme Kondre 1 2| 159 43 0.200) 0160 0.104
2/85 Algseik 1 2| 428 273 608 125 1410 0560 D121 o.00z| 0.739| 0.020
22m9 Spokt Aren 1 3| 865 27, 65 950 2002 2295 0.056 1522| 0.148
24172 Cobltle 1 2| -0.0 6 1.499 0.347| 0102
20/71 Do Craneweq H 2| 432 5.7 107 0.270) 1522 ©.102
3 Mudiake SURALCO i 1| 94 273 5.5 2510 8713 13.049| 0.854
270 Tamanredio 1 2| .27 8.3 24.005 1.436
7 RAlfsthix 3 2| -28.0 8 u.z::l 0.098 0.052 0.565| D.10
aB8 Rijschfk 1 3| -b82 29 652 462 1. 2686 007§
3071 Caroline 1 2| 08 [ 0,620 02
3271 De Craneweg 1 2| 490 69 0761 0.687
3471 Carolina 1 2 01 54 0112 0.104
30171 Powakka 1 2] 3o 64 B.544 0104
4670w |Kabo 1 2| 15 751 108 0.150] 0.005
4471 Sidedadawey 1 2| -40.7 6.5 D.A79 0.583
A71 Powaltna West 1 2l e 51 0.169)
@ Powakia Wes! 1 /R 248 5.4 24 0.18
570 Leiding ba 1 3 -9|.B'| 3,640
Latatl. 1 alalas a ) =l 7y 0 -1 3821 1.815




9Ll

T - —alECiLsb|Eoven] © | BF | ©Od | HGOd SO4T | NOT POdorty Na® | K

wel Location SumFormauonue:rn Dale :ganupr Fympymmmwmwmwmm
/B2 Novth of Coropina Cr. 2 2| 22| to-12 57 1523 0.459 o.003] o022 1391 0479
s00Sw  |Republek 1 2| -13.3| 28-g2-30 55 0.408
&m0 Megrzong 1 6| -228.9] 08-10-70 7 11283 0.333
3241 2arcer Matta 1 2| 24| c2oe7t 5.4 0211 o400] 0.0
7 Zancec] Mana 1 2| 58| c20871 a7 0.530 0.300 0.130] 0302
a70 Magenta-Weigedacht G 1 5 125.1] 311270 6.5 2505 pagal 1 0218
870 7 Woewarssan 1 5| -25.1| 0707050 206l 7.38] S84l 1011 BS0 8.375) 3496 0.017; 0.008 4201] 0,347
70 Morco 1 4| -108.2| 31-12-70 &9 5.782 o.t09| 2500 1.239
Elzdl Malta 1 a| sa| o1-12.90| 258) 502 35 0310 0.550 0.001
BILGR  |BiMon 1 2| -z25| o8-10-T1 5 0535 0.200 0.521 0.102
Bve Barfin (bron) 1 2 08 261 sas| a5 40 19| 0138 ooos| o003s| ooo0| o061 0.00%
BvVG Caroling {bron} i 2 05 28.7| 453) 387 40 23l 0.095) 0.0s3| oooe| 0000 0.080 0.006
cs |Calcutta 1 s| -197.5] 15-01-72 a7 2.905 0.199) 5000 003 1478 0191
GCENTRE  [Republek 1 2| -108] 13-10-71 58 0.169 pco| 0.156 0.260) 0.102
GMD 37 [Sanla Boma 1 4] -133.5| 29-08-70) 5.9 1.974 9.728
H1m7? Highway (S. of Peranan 1 2| -1a3] 07-07-87 [ 150 0.600
Ht.2000 | Alpon Zander f s| 24| 31-12.90] 285 5.4 “ 0.141 0.280| 0.232 0037| 1.852| 0012
H17 Tamanredic 1 ol 2760| oao1e7] 24s] 7s| 67| 97| 3290 26300 7.880| 0385 opoz| 24300 0373
H2/87 Highway (5. of Paranan 1 2| 65| 150487 6 %0 0,401
Has? Highway (S. of Paranad| 1 2| -12.8| at-1zs0| 268l 658 213 0.592 0.890 o007 2218 0039
H87 Highway (S. ol Parana 1 2| -12.8| 15-04-87| 63 220 D.600
HX90 Highway (S. of Paranan] 1 3| 88| ar-1z.00| 249 B 272 0.959 1655 0.708 0.001| 2.0s4| 0.089
H487 Highway {S. of Paranan] 1 3| 40.0| 12-05-87] [ 420 2.404
Ha-599  |vighway {S. of Parananm 1 3| -273| at1z-90| 26| 455 89 0.225 0.419| 0.t08 p.o01| 1000
H4-580  |Highway {$. of Paronan z 2| -123] 3112000 263 5.4 100 0.225 o.760| 0.259 0.00%
HS/B7 Highway (S. ol Paranan] f 2| -s0| 1240587 6 40 0.400
HE/87 Higiway (S. of Paranar 1 2| -16.0] 15-04-87 ] 85 0.400
HP1m7  |Highway (S, of Paranar 1 2| -17.8] 13-04-87| 256 [ 9,400 0.300 o.opz| 0004 0.542| 0369
KWE Koewarasan 1 o| -6.2| 2002-97] 72| a8 61.400 3gso| 16500 0.040| 0069 62800 1.470
L10-140  |Van Hattermmweg Wast 1 4| -1050[ 311200 248) 682 453 0.674 3.180| 0.265 p.ooal 4175 o.08t
L10-140 [Van Hattamweg Wesl 2 a|l a0 a-12.00] 248 654 449 0.959 2839| 0372 oa66| 4001 0076
L10-140 |Ven Hanenmwog Wast 4 2| -sa.0| 911280 252 623 421 D846 2524| 0.306 0428 33020 00T
L1g-140 _ |Van H g Wesl 5 2| -a4p] o1-12-00) 242 5-1BL 255} 0.592 1.803] 0250 00s4| 0739 0029

Well Location Screen | Formation| Depth |  Date | Temp| pH-Lab| pH-Fid EC-Lab|Ec-veld| Cf Br | COar | HCOO' | 504% | NOF poOd-orth| Na® K

m °c usiem | ySem | mmott | mmott | mmott | mmoln | mmolt | mmatd | memold | mmotd | mmold

L16-19@  {Van Hattenrweg West 1 3| -7es| at-12.g0| 248 567 9a0) 0.169 0.557| 0.142 1.000| 0.200
L22-230  |Santigron 2 2| -440| at-12.90] 245 628 375 0.959 2.a77| 1435 o.218]  2.000
L24.250  |Van Hallonweg 2 2| -190| 311200 259 643 334 1,158 1.704| 9.397 apo4|  1.000
L26-270  |Indihea Ghandl weg 2 2| -380| 31-12.00] 23| s22 183 1.410) o071 2519 0.005 0.001
L26-27/0  |Indiwa Ghandi weg 1 3| -s50.0| 3t-12.00) zzs| 607 149 1.692| oorel 1207 0co1| o001
L3490  |Van Haftemweg 1 2| -61.7[ at-1290 257 602 05 1184 1560 0.020 a.c0a| 2.044| 0.056
L7080  |Van Hattamweg West 2 2| .asa| at-12.00] 249 632 268, 0.874 ¢81d| 0.185 0.025
21 Tambaredjo ol flekd 1 8| -300.5) 03-01.97) 344 73| 65| 3903 d4t4n] 21900 8140 0.098 ogo0z| 28100 0.435
R4 Reputiiek 1 2| -22.0 271|505 48 54 48| 0.145 0.034| 0049 oo03| ococ| 0.67 0.013
s Republiek 1 2| 220 zz1| 11| 53 47 43| o=z03 0.13¢| oo0asl ooos| o001 0210 0016
R2/87 Rifsik 1 2| -385 5 157 13.018
RBT Risdik 1 2| .225 6.1 185 0.400
A7 Aepubiek 1 2| -z 27 651 53 44 25| 0198 0241 0057 0007 0.145
REP-GR  RepubBek 1 2l o5 26 56 4 0112 o0.144| 0.052 0287 0.030
AP1BT  [RIEsdik 1 2| -a2s 262 641 0.400 0.095 0001 0.008) 05S6| 0.056
SL1/87  |Reircad (N. of Aepebily 1 2| -130 [ 100 1.001
SLz/87  |Rairoad (N. of Aepublle 1 2l 180 6.1 430, 2800
SLB7  |Raimad {N. of Repubiiel 1 2| 240 25.2| 6.8 295 1297 1.770| 0.022 0.010| 1913 0.081
SLve?  |Rairasd (N. of Republid 1 2| 240 § 249 1401
SOMO7  |TamBaredio ol fieid 1 8| -2920 2235 4639| 0.613 21.444
SWa Van Hatlemweg 1 1| s 238 5.4 108 0338 0290| 0.105 0301] 0.001 0.100]
SWM Letydom 3 2| -30a 8.5 0.220
SWH Letyoorp 2 2| -as 6.5 oa1e 0.124
5 Paranam 1 2| -28s 2.5 59 480 0.183 1308 2392 D071
Zvi/s7  Mata 1 2| -18.0 3 85 0.400
ZV1B7 Matta 1 a2l -18.0 26.4 564! 28 0.252 1.737
Zv1-2/00  |Vierkinderen 2 2| 123 2.5 528 60 0238 0as0] 1.301 poz4| 0.695| 0.07
zv2rs7  |Matta Eam 1 2| 190 § 45 0.400
Zvas? Matia 1 2| -18.0 268 541 68 0.535 0239 0347 0.023
Zvya?  |Mana 1 2| 180 [ 95 0.600
ZvV4a? Marng 1 2| -1 & 70 0.400|
Zves?  |Mana 1 2| -a00 ' [ 90 0.400
ZVP1/87  |Mete ! 2| -183 %5 s» 0.200 p213 0001 0.004 _ﬂﬁ
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Annex IV.

Plant species and photosynthetic pathways in the savannah belt of

Suriname
i Species Family Savannah Photos.
i Type pathway
: Paspalum pulchellum Poaceae Zun, Ca
. . Panicton micranihiim Pouceuse Zan, C4
- Lagenocarpus tremulus Cyperacene Zan, ( Kus.) 9
L Rhvachospora graminae Cyperucene Zan C4
Rhynchospora tenuis Cyperaceue Zun C4
Paepalanthus polytrichoides Ericcaulaceae  Zan non-C4
Scleria pyramidalis Cyperaceae Kus ?
Abolboda americana Xyridaceae Zan ?
Xyris guicmensis Xyriduceae Zan ?
Trachypogon plamosis Pouceae Kas, Coe C4
Bulbostylis conifera Cyperuceue |, Zun, Kas, Coe Cc4
Xvris surincmensis Xyriducese Zan ?
Lagenacarpus weigeltii Cyperaceae Kas ?
Mesasetunt loliiforme Poaceae Kas, Zun C4
Bulbosiylis fusciculata Cyperacese Kas C4
Mitracarpus discolor Rubiaceae Kas C3
Axonapus pulcher Poaceae Kas, Wel, Coe Ca
Hypogonium virgatum Poaceae Wel C4
Panicum stenodaides Poaceune Wel C4
Axonopus chrysites Poaceue Wel C4
' Leptocaryphinm lunatum Pouceae Zan, Kas, Wel, Coe C4
. Panicum nervosum Pouceae Zap C4
Rhvnchospora globosa Cyperaceae Wel C4
I Mesasenm cavennense Pauceue Coe C4
- Rhvachospora barbata Cyperaceue Zan, Wel, Coe C4
- Svagonanthus umbellatus Eriocaulacese  Zan non-C4
Panicum polvcamun Pouceue Zun C4
Comolia vernicosa Melastomatacez  Zan non-C4
Axonopus flahellifornis Poaceae Kus C4
Punicun rudgei Pouaceae Coe C4
Thrasya petrosa Poaceae Coe C4
Sporobalus cubensis Poacene Coe C4
Bulbasiylis junciformis- Cyperaceac Coe C4
: Buthaosivlis capillaris var. tennifolia Cyperaceae Coe C4
) Davilla aspera Dilleniaceae Kag non-C4

Table IV.1. Species of the open savannuhs




-

Species Family Savannih Photos.
tvpe pathway

Licania incana Chrysobalenaceae Kas, Zan ?

Clusia fockeanua Clusiueeae Zan, tKas) non-C4

Humiria balsaniifera var, bulssemifera  Humiriacese Kus. Zun ?

" - Humiria balsamifera varflorilidd . Hairiaceae Kus ?
Ternstroentia pusictata Theaceuse Kas. Zan ?
Swartzia hannia Legum.-Caesalpinividene Kas C3
Dimarphandra conjugarta * Legurn.-Caesalpinivideae Kus C3
Retiniphylium schominergkii Rubiucene Zan C3
Marasha apaca Sapindaceae Kias - mon-Cd
Mpyrcia sylvatica Myrlaccue K 2
Bactris campestris Palmae Zan Cc3
Conomarpha magnoliifolia Myrsinaceae Zan, Kas non-C4
Ormasia costulata Legum.-Papilionvidenc Zan 3
Ttbouchina aspera Melastomataeeat Wel. Coe non-C4d
Imperata hrasiliensis Poaceac Coe Cd
Byrsonima caccolobifolic Malpighiacene Coe now-C4d
Byrsonima verbascifolio Malpighinceac Coe non-C4
Scleria pyramidalis Cyperaceus Zun ?
Sclerin bracteata Cyperaceac Coe ?
Marliera montana Myrtaceae Zan C3
Cn‘rare!la americant Ditleniaceac Wel. Coc non-Cd
Table IV.2, Species of savann.lh bushes
Species Family Photos.

pathway
Ciusia fockeana Clusiaceae non-Cd
Humiria balsamifera Humiriacene ?
Swarnzia bannia Legum.-Caesalpinicidepe  C3
lex mantiniana Aguifoliaceac c3
Ocatea schomburgkiano Lauraceae B
Dimarphandra conjugaia Lepum.-Caesalpintoideae  non-C4
Isertia anceps Rubiacene C3
Ucania divaricata Chrysohalanaceae ?
Protium heptaphyltim Burseraceue Cci
Tapirara guianensis Anacardiaceac c3
Aspidasperia marcgraviammm Apoeynaceae Cland CAM
Bombaz flaviflorumn Bombacaceae C3
Matayba opaca Sapinducens non-C4
Licania incana Chrysobalanaceac ?
Conomarpha mugnoliifolio Myrsinaceae non-C4
Marlierea momana Myrtaveas C3
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Table IV3. Species of dryland forest

Legend: Zan = Savannahs of Zanderij type (poorly drained white sand savannahs); ’

Kas = Savarnahs of Kastpora type (extremély well drained white sand savannahs):
Coe = Savannahs of Coesewijne type (well drained brown loamy sund to sandy loam
Savannahs of Welgelen type (well drained clay savannahs).
Species are based on sludies of Heyligers (1963), Yan Donsclaar (1965) and Jansne

savannahs); Wel =

(1994). Photosynthetic pathways are derived form databases of Dallwiiz (198(1]
Dallwitz et al. (1993) and onwards, and Ehleringer et al. (1997).



