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Abstract

Geochemical tracers have been exploited to achieve an improved
understanding of hydrogeological processes in the Lower Rhine Embayment,
Germany. Dissolved noble gas measurements have been supported by stable isotope
and hydrochemical data to form a multi-tracer approach. Helium measurements have
been used to provide insight into groundwater residence times and the role of fault
zones on local and regional groundwater flow dynamics.

The hydrogeology of the Lower Rhine Embayment is complex and dynamic.
The geology consists of unconsolidated siliciclastic sedimentary deposits with a
number of laterally continuous lignite seams. Large scale open cast lignite mining in
the region has a significant impact on the groundwater system primarily due to water
abstraction at a rate of 500 million m® year! and subsequent lowering of the water
table. Local groundwater monitoring suggests that groundwater levels are recovering
in areas close to abandoned mines but the long-term implications of mine de-watering
on this scale remain uncertain. The layered aquifer system is intersected by numerous
NW-SE striking fault zones that have been shown to have the potential to act as both
barriers to groundwater flow and as preferential flow paths that connect deep and
shallow aquifers.

Groundwater samples taken from observation boreholes in close proximity to
fault zones have provided results that indicate depleted §°H and §*20 values relative to
modern groundwater recharge, and “He concentrations in the shallow aquifers of up to
1.7x10* cm® STP g™ H,O which is approximately 3-4 orders of magnitude higher than
expected due to solubility equilibrium with the atmosphere. Groundwater exchange
between the deep basal aquifers and the upper aquifer layers isimpeded by confining
clay layers and very low permeability lignite. This suggests that palaeo groundwater
from depth is mixing with modern groundwater of meteoric origin in the shallow
aquifers as aresult of conduit flow from depth towards the upper aguifer layers within
the fault zone, and so confirming the fault zone control model of Bense and Person
(2006).
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1. Introduction

1.1. Overview

The research presented within this thesis primatdégcribes a multi-tracer
analysis of groundwater dynamics in the Lower Ritngbayment, Germany.

The dissolved noble gases of helium (He), neon,(&lgpn (Ar), krypton (Kr)
and xenon (Xe) were utilised to gain an improvedarstanding of groundwater flow
paths associated with fault zones and to estimfaestubsurface residence time of
deep circulating groundwater in the Lower Rhine Bymbent. Dissolved noble gas
concentrations were also used to calculate nobdergeharge temperatures and to
determine excess air concentrations. The stablepss of hydrogen, oxygen and
carbon were used in conjunction with routine hytienical data such as major and
minor ion concentrations to provide additional evide for determining groundwater
origin, recharge conditions and hydrochemical etvoitu

The study area is morphologically expressed ad deer Rhine Embayment
(LRE) and forms part of the Roer Valley Rift SystéRVRS) which is the southward
extension of the North Sea Basin (see Figure l)@art of a Cenozoic mega-rift
system that crosses western and central EuropgléZied994). The German region of
the Lower Rhine Embayment contains approximatelp0l3n of Oligocene to
Pleistocene unconsolidated siliciclastic sedimémds form a complex layered aquifer
system. The layered aquifer system is intersecyendumerous NW-SE striking fault
zones that have been shown to have the potentigdctoas both barriers to
groundwater flow and as preferential flow paths (@ and Person, 2006). Fault
zones play a fundamental role in understanding rgfevater flow dynamics in the
Lower Rhine Embayment and fault bounded tectonmchks form key structural

features that have a large influence on local agibnal groundwater flow patterns.



The sedimentary basin also contains several conatigranportant lignite seams.
The main lignite seam has a total thickness of wd@0 m (Hager, 1993) and is
currently being exploited by RWE Power AG in thtage open cast mines.

The Erftverband is a public organisation that wsisilglished in the 1950s to
provide comprehensive surface water and groundwatsragement for the German
region of the Lower Rhine Embayment. The Erftverbaare region is essentially the
catchment of the river Erft and covers an area @20 knf but the wider Erftverband
territory extends to cover an area of 4,220%kmithin the State of North Rhine
Westphalia. The human population of the regionpigraximately 750,000 and land
use varies from wetland habitats and agriculturegen cast lignite mining, lignite
refining plants and other heavy industries sucltlamical processing plants. This
diversity often leads to a conflict of interestsdaas a result, management and
conservation projects are often complex and dilfito implement efficiently and
cost effectively. The Lower Rhine Embayment ligmténing industry was the focus
of intense Greenpeace demonstrations in 2004.

Groundwater monitoring programmes in the regionehéeen given high
priority status and the Erftverband in collaboratiwith RWE Power AG have
established an extensive network of 15,000 observdioreholes and piezometer
nests to monitor the effects of regional lignitenmg activities, and in particular the
impact of large scale groundwater abstraction agdité mine de-watering (500
million m® of groundwater yed) on local and regional groundwater flow dynamics.
Groundwater monitoring has already provided stremglence that lignite mine de-
watering is responsible for lowering the water ¢abl some areas and for a noticeable
decline in the baseflow of local rivers as well emglangering susceptible wetland

habitats (Erftverband, 2006). To date, approxinya®),000 people have been re-



settled as a result of open cast lignite mininge €rrent working depths of the mines
are up to 350 m but it is anticipated that thererignite seam will be exploited in the

future, so depths will increase to 500 m at soroatlons.

1.1.1. Aims and objectives

The aim of the research presented in this thesise develop an integrated
assessment of groundwater flow dynamics in the ltoRiEne Embayment aquifer
system using hydrochemical tracers (major and miops), stable isotopesiH,
80, 8"%Cpic) and dissolved noble gases (He, Ne, Ar, Kr and iKerpreted in the
context of examining geochemical evidence for theduit-barrier fault zone model

of Bense and Person (2006).

Under this aim, a number of objectives have be#iliéd as follows:

1. To investigate the relationship between nobles gketermined excess air
concentrations and temporal variations in watefetdluctuations caused by lignite

mine de-watering.

2. To determine the influence of fault zones orugdwater flow paths, and identify
fluid flow conditions and transport mechanisms agged with advective flow from
depth.

3. To calculate noble gas recharge temperatureslantify modern and palaeo
groundwaters within the complex multi-layered aqui$ystems of the Lower Rhine

Embayment.



1.1.2. Thesisstructure

Chapter 1 provides a general overview of the rebeand states the
fundamental aim and objectives of the investigati©hapter 1 also includes a brief
description of the study area and outlines the iAmalter approach that has been
applied.

Chapter 2 provides a comprehensive account ofe¢g®mal hydrogeology of
the Lower Rhine Embayment and describes the opsen ligamite mines and their
impact on groundwater flow patterns. Chapter 2raefithe aquifer units and their
distribution and illustrates the hydraulic headtriisition and the influence of fault
zones. Chapter 2 also provides general climatiorintion that relates to the study
area and an overview of fault zone processes imsedary basins.

Chapter 3 provides a critical review of the literatrelevant to the application
of dissolved noble gases in determining noble gasperatures, and the numerical
models that are available for calculating noble ¢m®peratures and noble gas
determined excess air concentrations. Chapter@patsvides a general overview of
stable isotopes in groundwater and Rayleigh fraetion processes. The reader is
referred to relevant review papers or texts whpm@apriate.

Chapter 4 outlines all the methods used for samgllection and preparation
as well as the analytical procedures used andstbmcated instruments and analysers.
Chapter 4 describes the isotope dilution techniguel the quadrupole mass
spectrometer used for dissolved noble gas anadgsisell as the isotope ratio mass
spectrometry (IRMS) methodology.

Chapter 5 presents the results of the stable isotop dissolved noble gas

analyses as well as the routine hydrochemical apalyhat were conducted by the



Erftverband in Bergheim, Germany. Where possibé rdsults have been presented
using spatial distribution plots to illustrate hdite parameter varies with aquifer
properties and recharge provenance.

Chapter 6 consists of three key sections in whigbrdthemical, stable
isotope and dissolved noble gases are discusseevaihshted respectively. Chapter 6
concludes by presenting a conceptual hydrochemmeadel for groundwater flow
dynamics in the Bruhl region of the Lower Rhine Eytnent.

Chapter 7 provides a concise concluding statenfeitsummarises the most
important findings and finishes with a number ofgestions for further work that
would significantly enhance our understanding @iugidwater dynamics in the Lower

Rhine Embayment, Germany.



2. Hydrogeology of the Lower Rhine Embayment

2.1. Geological Setting
2.1.1. Geological formation — Oligocene to Pleistene (33.7 to 0.01 Myr BP)

The Lower Rhine Embayment (LRE), Germany, is pathe Roer Valley Rift
System (RVRS), also referred to as the Lower Ridasin which is the southward
extension of the North Sea Basin (Figure 2.1) aartl @f a Cenozoic mega-rift system
that crosses western and central Europe (Zieg94)1 The SE region of the Lower
Rhine Basin is morphologically expressed by the &o®Rhine Embayment.

The formation of the Lower Rhine Embayment begarinduthe Oligocene
with the subsidence of the Lower Rhine Basin albiy-SE striking faults on the
edge of the Rheinisches Schiefergebirge (Rheniate S*ange) allowing the North
Sea to create a marine rift basin that cut intonadlands of the Rhenish Massif to
form the Lower Rhine Embayment. The German regibthe Lower Rhine Basin
contains approximately 1300 m of Oligocene to Rbesne sediments with a main
lignite seam that has a total thickness of up t0 &dDand an upper seam that has a
thickness of up to 40 m (Hager, 1993). The maimseecupies the central part of the
basin and the upper seam is found towards the nwajithe Basin (Hager, 1993).

Sedimentation of the Lower Rhine Basin began dutirglate Oligocene as
the North Sea breached the basin due to prior debbseé and resulting in the
formation of shallow marine sediments (Schédeal., 1996). The Miocene marked
the end of a cyclic sedimentation pattern causedabyjumber of North Sea
transgressions and the marine habitat was succelgea coastal plain habitat
dominated by swamp and forest ecosystems (Sché#tr, 1996). The layers of peat
that formed during this epoch created the lignganss that are exploited today in the

large scale open cast mining activities of RWE RoW@ (see Figure 2.3).



} A 200 km

L — Fault Lower Rhine Embayment

Figure 2.1. The Roer Valley Rift System (RVRS) and Lower Rhitrabayment (LRE) in
Germany and The Netherlands with spatial referémd¢be North Sea Basin and including
the major faults (after Benseal., 2003).



During the Pliocene the North Sea retreated funtieviding an opportunity for
a number of fluvial systems to develop and as tbevdr Rhine Basin stabilised,
terrace gravels of the river Rhine spread to cdkierlowland areas. Schafer al.
(2005) state that the sediments of the Lower RiBasin primarily consists of
Oligocene, Miocene and Pliocene marine sediment$ that the more recent
Pleistocene sediments are mainly fluvial depostsvdd from the Rhenish Massif in
the south. The sediments derived purely from theridn Massif are comprised of
gravels that are characterised by having >90% guasterial in the coarse gravel
fraction and the remaining sediment is made upuafigites (Boenigk, 2002). Highly
porous loess soils have formed due to the accuionlaf wind blown silts, sands and
clays, and these overlay the Pleistocene depdgies.reader is referred to Boenigk
(2002) for a detailed mineralogical analysis of thleallow fluvial deposits of
Pleistocene age, and to Kemna (2008) for the Riecand Lower Pleistocene

deposits.

2.1.2. Deep sedimentary sequences and the crystadlibasement

The geological structures that underlie the sedint®posits that form the
deepest sand aquifers of Oligocene age are ledskm@in. The oldest sequences
identified from borehole records are Palaeozoits known that carboniferous strata
with a total thickness of up to 2.5 km is underlajnapproximately 2 km of clastic
sedimentary rocks, limestone and evaporites, abDe&anian sequence of unknown
thickness and composition; which is believed torgspnt the beginning of the
basement (Gelulet al., 1994). The depth of the lower crust is given the
Mohorovki¢ Discontinuity which ranges from 27 km below thentte of the Roer
Valley Graben to 30 km beneath the Peel Block (fEd212) in the NW part of the

Lower Rhine Embayment (Rijkerst al., 1993). Lower Jurassic sandstone and

8



claystone sequences with a total thickness of uf.fokm are found beneath the
Cenozoic sand deposits, and they overlie Permi@asdic sandstone and
conglomerate material (Geluwdt al. 1994). A Cretaceous sequence is limited to the
Peel Block and in this region separates the Cenaaud Lower Jurassic strata (Geluk

etal., 1994).

Figure 2.2. Overview map illustrating the tectonic structuretloé Lower Rhine Embayment
(shaded region in Figure 2.1) including the loaatiof tectonic blocks and regionally
significant faults. The shaded grey area represstextent of the Schiefergebirge (Bense
and van Balen, 2004).



2.1.3. Geological structures adjacent to the LoweaRhine Embayment

The Lower Rhine Embayment cuts into the headlafideeoRhenish Massif
(Schiefergebirge) to the south, southwest and (sas&t Figure 2.2). This geological
Massif is an uplifted region where Palaeozoic (dyaidevonian) strata outcrop. The
Rhenish Massif is made up of the Ardennes and Hif@lintain belts to the west of
the river Rhine and the Saulerland and Siegerlagions to the east of the river
Rhine. The Aachen hot springs emanate from the Biamdimestone at the Variscan
thrust front of the Rhenish Massif in close prosxtinto the western flank of the Lower
Rhine Embayment. The hot springs of the Aachenoregiontain Na-Cl type
groundwater that is believed to originate from thaching of evaporites (Herch,
2000). Geochemical data suggests that the hotgsprater has a meteoric origin but
the exact recharge area is unknown (Herch, 2009. dccurrence of trace elements
led Herch (2000) to conclude that the groundwatastnmave a long residence time
and by using Si@geothermometry Herch (2000) was able to estimatecalation
depth of >3.5 km. The deep circulating groundw#tat emanates from hot springs in
the Aachen region could help to elucidate the origii deep basinal fluids that are
found at shallow depth within the Lower Rhine Eminayt (see Chapter 6).

To the west of the Ardennes lies the Paris Basie Paris Basin is a broad
shallow bowl-like structure that consists of sustes marine deposits of Triassic to
Pliocene age and overlies a faulted basement. @hs Basin has a diameter of 350
km and a maximum total thickness of 3 km. The Doggpiifer is a middle Jurassic
formation of oolites, marls and limestone. It i958 deep, has a total thickness of up
to 230 m and overlies a Trias sandstone formatioiciwforms the base of the aquifer
system (Lavastrest al., 2005). Overlying the Dogger aquifer is the Lasiain
limestone formation which contains marls that skabe parts of the system.

Neocomian shales overlie the Lusitanian limestoagnd,the Albian formation which

1C



consists of sandstones overlies the Neocomian siiislarty et al., 1993). The entire
system is confined by 500 m of clays, chalk, lirmastand marls (Martgt al., 1993).
The hydrogeology and geochemistry of the Paris Bamive been the focus of
numerous studies and as a result is very well cainsd (eg. Fontes and Matray,
1993; Matrayet al., 1994; Pinti and Marty, 1995; Pingt al., 1997; Castrat al.,

1998; Martyet al., 2003; Lavastret al., 2005; Lavastret al., 2010).

2.1.4. Lignite deposits
Lignite is often referred to as brown coal. It israwnish organic sedimentary

material with characteristics that place it betwpeat and sub-bituminous coal:

Peat— Lignite — Sub-Bituminous Coal— Bituminous Coal — Anthracite

Lignite has a soft woody texture and is formedvwasip-like ecosystems. It is
considered as the lowest grade of coal becausts ¢dw energy density and has a
carbon content of 25-35%. The progression of pe@ugh to anthracite represents
organic metamorphism caused by exposure to he&gl pressure and compaction
over time. The burial and compaction of peat ceégmite — considered to be a low
grade immature coal. As lignite matures and undesgdurther organic
metamorphism, the oxygen and hydrogen content deeseand the carbon content
increases leading to a harder and darker matdaalis classified as sub-bituminous
coal. Further organic metamorphism creates bituogncoal, whilst anthracite
represents the highest rank of coal and ultimaturation with a carbon content of

over 87% (Tucker, 2003).
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Figure 2.3. An overview map illustrating the location of ther®@aeiler, Hambach and Inden

lignite mines in the Lower Rhine Embayment. These airrently the only active mines but
the orange outlines show the boundary of previoiresn(Fortuna, Bergheim and Frechen) E

and SE of Bergheim that have since been restoregdoeational use and useable farmland.
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The lignite deposits of the Lower Rhine region fasne of the largest reserves
in Europe. The region has an estimated reserve dfas® 000 Mt (Hager, 1993) and
operations are scheduled to continue until 2049nité deposit boundaries are
established by the observed thinning of the seam significant downward
displacement by tectonic activity — lignite seamseénbeen displaced by up to 500 m
along fault planes in some areas (Hager, 1993). Mioeene lignite deposits of the
Rhine Basin are characterised by a moisture coofed®-60%, an ash content of 1.5-
8.0%, a sulphur content of 0.15-0.50% and a helaevaf 7.8-10.5 MJ k§ (RWE
Power AG). The lignite reaches a depth of 500 miarwberlain by more recent clay,
sand and gravel deposits (Figure 2.4). The ovegsutbickness can be up to 300 m
(RWE Power AG). A large proportion of the ligniteimed in the Lower Rhine
Embayment is used as fuel at five large poweratatin close proximity to the open
cast mines. For a comprehensive analysis of theekdhine Basin lignite deposits

and their formation the reader is referred to Maggeret al. (1994).

Rur Block Erft Block Kéln Block

swW NE

Rurrand Lovenicher
Inden Fault Harmbach Fault

g

[1 Pleistocene (sand/gravel)
[] Pliocene (sand/clay)
} [ 1 Miocene (sand/clay)

e -

[] Oligocene (sand)
N Il Lignite

Figure 2.4. Geological cross-section illustrating the positadrthe main lignite seams and the
location of the open cast lignite mines; Hambadt laden (after Bensa al., 2008).
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The Hambach, Garzweiler and Inden mines (Figurg & currently the only
active mines in the region. The Hambach mine ekplibie main lignite seam within
the Erft block (see Figure 2.4). The Garzweilendl d mines (Figure 2.5) are located
at the southern edge of the Venlo block whilst liten mine exploits a number of
smaller seams that occur in the Rur block. Eammning activities were focused
along the Lovenicher and Erft faults where theitgiseam was typically at shallow
depth. The Fortuna, Bergheim, Frechen and Villeemithat were situated along the
Erft fault from NW-SE respectively (Figure 2.3) amew redundant and have been
filled with spoil from the currently active minds.is stated by the Erftverband (2006)

that the land has subsequently been restored tbleséarmland and land used for

recreational purposes.

Figure 2.5. A view of the Garzweiler 1l open cast mine in 20089 the lignite fuelled power

stations in the distance. Note the large spoil di¢po the left of the power stations.
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2.2. Hydrogeology
2.2.1. The multi-layered aquifer system

The German region of the Lower Rhine Embayment istnsf five tectonic
blocks. The central Erft block is adjacent to thérKblock to the east and the Rur
block to the west whilst the Krefeld and Venlo IMscare situated northeast and
northwest respectively (see Figure 2.2). Each a@sehtectonic blocks contains
unconsolidated siliciclastic sedimentary depositgmto 1300 m thick that produce a
complex multi-layered aquifer system consisting ntyaiof sands and gravels and
intercalated with low permeability clays and two imégnite seams (Figure 2.6).
RWE Power AG has produced a hydrogeological schsat@n (RWE-
Reviermodell) of the multi-layered aquifer systear £ach tectonic block (Figure
2.6). This schematisation forms the basis for degivmodel layers that have
subsequently been used to generate hydraulic leadwr maps for each of the main
aquifer sequences using observation borehole datathe 1970s to the present day.
Examples of these model outputs are given in Figugeand include four aquifer
sequences ranging from shallow to deep using bteettmta from 2005. Borehole
logs provided by the Erftverband illustrate thad #tratigraphy is more complex than
the hydrogeological schematisation first suggebigufe 2.8). Aquifer media and
thickness vary on a local scale to some extent amyrareas and this can have an
impact on local groundwater flow patterns, espéciahere low permeability clay
layers are present. Figure 2.7 and Figure 2.8 septeobservation boreholes that are
just 2 km apart with no geological boundaries catdees partitioning them. The
lithology and stratigraphy both display a degreedidparity. However, the large
regional discontinuous nature of the aquifers, prilm due to the juxtaposition of
fault bounded tectonic blocks that create a hamsbgn system, has a much larger

impact on groundwater flow dynamics than small laaiations.
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2.2.2. Regional flow patterns

Regional groundwater flow patterns have been deéteanby examining the
hydraulic head distribution within each tectoniodi. This was first completed on a
regional scale in the 1960s by the Erftverband)sthWallbraun (1992) looked at the
impact of faults on hydraulic head distributiortire Lower Rhine Embayment as part
of a PhD Thesis and the findings were also latponted by Bense (2004). This
approach is made quite complicated by the largebenrof aquifer units that have
been identified in the layered system (Figure ZE@ch aquifer responds differently to
the groundwater abstraction that occurs at eadhefarge open cast lignite mines
(see Figure 2.9). Regional lowering of the watdnidacan be observed to a greater
extent in some of the deeper aquifer layers anésgentially dependent upon the
depth at which groundwater is abstracted ie. trexifip aquifer sequence and the
connectivity of the aquifer layers. It can be séem Figure 2.9 that hydraulic head
distribution varies significantly between each fabbunded tectonic block. The
largest influence on hydraulic head is clearly mawwatering and the cone of
depression that exists beneath each of the majaitdi mines provides good evidence
to support this (see Figure 2.11). However, it almo be seen that in some areas the
major graben fault structures act as sealing mesimesnand support large hydraulic
head gradients (eg. the Rurrand Fault) but in o#lneas fault zones appear to have
little influence on horizontal groundwater flow arddraulic head distribution.
Therefore, spatial variability in fault zone perroiity must exist as a result of the
physical properties of a given fault and due toilowss deformation processes that
commonly occur in sedimentary faulted basins sischataclasis, diagenesis and clay
smearing (see Section 2.4.2). In many cases thegasition of an aquifer unit

against sealing lithology as a result of faultingd the relative thickness of each unit
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is the most likely cause of the observed hydraliad gradients across some of the

fault zones in the Lower Rhine Embayment (Wallbral892).

=100
-120
-140
-180

Figure 2.9(A-D). Model generated hydraulic head distribution of ttewer Rhine Embayment using
RWE's hydrogeological schematisation (Figure 2fethe aquifer layers and based on observation lndgeh
data from 2005. The model outputs A to D represameasing aquifer depth, with the deeper aquifeiag
impacted to a greater extent by lignite mine deewiag than the shallow aquifers (RWE-Reviermodell,
Erftverband).
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The observation boreholes situated in the Lowern&hEmbayment are
generally not used for pumping test purposes bathydraulic properties of the
aquifer system have been modelled extensivelyrindeof hydraulic conductivity by
RWE Power AB using their groundwater model (Fig2r&0). According to the
model results, the sand and gravel aquifers hatypieal hydraulic conductivity in
the range of 1® m s indicated by the blue shaded regions in Figur®,2blit also
increase to 1® m s' in some areas. Investigations made by the Ruhvedsity
Bochum found the total porosity to be 39% and tiecéve porosity to be between
20 and 26% using model simulations (pers. comms Bilemer, 2010). The typical
range for total porosity and effective porosityued for unconsolidated sedimentary

deposits are given in Table 2.1 and are in agreewigéimthe modelled results.

Table 2.1. Typical values of porosity for unconsolidated seeintary deposits.

Deposit Total porosity Effective porosity
(%)
Gravel 25-40 13-44
Sand 25-50 16-46
Silt 35-50 1-39
Clay 40-70 1-18

(Freeze and Cherry, 1979)
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Figure 2.10. Hydraulic conductivity of the Lower Rhine Embaymemised on RWE's
groundwater model for the entire lignite miningiceg(RWE-Reviermodell, Erftverband).

2.2.3. Groundwater conditions and recharge zones

The aquifer units of the Lower Rhine Embayment iatercalated with clay
layers and several lignite seams of low permegbikigure 2.9A provides evidence
that large scale lignite mine de-watering has legsmct on the shallow aquifer layers
because the level of groundwater drawdown is Idiven that observed in the deeper

aquifers from which the groundwater abstractionuosc(Figure 2.9C and Figure
22



2.9D), suggesting that there is limited connegtibetween aquifers in these areas
and allowing perched water table conditions to tgvén the upper part of the aquifer
system.

The direction of groundwater flow on a regionallsda generally from south
to north. On a local scale, groundwater flow iguahced by topographic features and
natural discharge areas include the Rhine and Maess (Bense, 2004). However,
large scale lignite mine de-watering has createtiaeced groundwater flow
conditions and combined with the sealing propertiethe major graben faults, has
significantly altered natural groundwater flow cdimhs as well as creating
additional discharge areas. The large lignite mofddambach, Inden and Garzweiler
are now essentially acting as artificial dischazgees.

Recharge zones are typically indicated as topodgalihelevated areas where
the water table reaches a maximum height (FreedeCawerry, 1979). By analysing
the hydraulic head distribution in the shallow umiwed aquifers (Figure 2.9A) one
can deduce that the most important groundwaterargehzones are located in the
south and along the south western flank of the ltoRieine Embayment, in areas
where the topographic elevation and potentiomesnidace reach a maximum. The
Erftverband has recently implemented an artificedharge programme in an area
northwest of the Garzweiler lignite mine in an atpt to resolve some of the
problems associated with the regional loweringhef water table (pers. comm. Nils
Cremer, 2008). Herrmanst al. (2009) conducted a groundwater recharge rate
modelling study of the Lower Rhine Embayment whickcussed specifically on
direct recharge to the shallow Pleistocene depo$itse Rur Block. Herrmanet al.
(2009) calculated a mean recharge rate of 170 mem‘yer the Rur Block region

which equates to approximately 25% of the predigitereceived.
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Figure 2.11. Hydraulic head distribution within the deeper aquiystem of the Lower Rhine
Embayment (Figure 2.9D) with spatial referencehl®e Hambach and Garzweiler lignite mines.

Note the cone of depression below each mine créstele-watering (after Benskal., 2008).

2.2.4. Local groundwater usage and management

The required water supply from the Erftverbanditeny is 642 million ni per
year for a human population of 2.7 million as waB for industrial purposes
(Erftverband, 2006). Another 500 million®mper year is pumped from lignite mines
for de-watering purposes (Erftverband, 2006). Wabstraction on this scale causes a

regional lowering of the water table with many wedlrying out in recent years. The
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baseflow of nearby rivers and streams has alsoedsed and this has led to a
guantifiable change in habitat and a loss of biediity (Erftverband, 2006). In an
attempt to reduce the impact of groundwater abstracabout 10 million rhof the
‘mine’ groundwater is cleaned each year and punijadk into endangered wetland
habitats and rivers and as part of an experimeantidicial recharge programme (pers.

comm. Nils Cremer, 2008).

2.3. Hydrology and Meteorology
2.3.1. Surface waters of the Erft catchment

The river Erft is the primary river system in thentral region of the study area
and is a tributary of the river Rhine that flowerfr south to north in the eastern part
of the Lower Rhine Embayment. The river Erft waturaly a small tributary of the
Rhine but it is currently being used as a conduitdhannelling large quantities of
groundwater from nearby open cast lignite minesftyErband, 2006). The
Erftverband state that in order to accommodatevibliisme of water the course of the
river Erft has been altered and the discharger@msased significantly. In many areas
the course of the river has been artificially sirdeéned to form long sections of
featureless habitat and fish stocks have faileddapt to increased flow rates and
temperatures and the general loss of biodiversiyfterband, 2006). The
Erftverband continually monitor water quality paeters and has established
numerous river gauging stations that provide egsdiiw data for the river Erft and
its tributaries. The Erftverband intends to restbee natural meandering course of the

river Erft at the end of mining operations in 2045.
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2.3.2. Climate and precipitation

The prevailing climatic conditions are of greatnsiigance to hydrogeological
studies, catchment management programmes and $kesasent and monitoring of
regional climate change. Both long-term and sedsea@ations in temperature and
precipitation affect the recharge regime of theaeagl aquifer system and influence
the stable isotope composition of groundwater at time of recharge as well as
influencing the hydrochemistry of ground- and scefavaters. Climate monitoring
stations were established in the Lower Rhine Emigaynat a number of locations
during the 1950s to improve the resolution of emgstdata. The Erftverband
undertake regular and routine data collection aoditaring of the regional climate

system and have provided detailed temperature aadipitation data from four

weather stations within the Lower Rhine Embaymentlie purposes of this research.

The precise locations of these weather stationdbeaseen in Figure 2.3.
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Figure 2.12. A. The weather stations at Euskirchen and Elsdghibit an identical trend in
average monthly temperatures over the period frod5142009. B. Median monthly

precipitation values for the period 1951-2009 freaskirchen, Erkelenz and Neuss.
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Average monthly temperatures have been calculated femperature records
obtained from the Euskirchen and Elsdorf weathatiasis for the period 1951-2009
and displayed in Figure 2.12A. The average montbiyiperature recorded at the
Euskirchen and Elsdorf monitoring stations bothchea peak during August at
approximately 18 °C and the lowest average moriétyperature occurs in February
at 2.4 °C. Precipitation gauging occurs at 73 looatwithin the Erftverband territory.
For the purpose of this study data from three gaygtations (Erkelenz, Neuss and
Euskirchen) have been used as they all providelel@tprecipitation records dating
from 1951-2009. Some small differences are evidemtiveen each of the gauging
stations but the general trend is represented gur€i 2.13. The highest level of
precipitation occurs during the summer months ofly Jand August with

approximately 65-75 mm of rainfall.
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Figure 2.13. Climograph of data collected from the Euskircherather station located south
of the lignite mining region of the Lower Rhine Eayment. The data represents median
monthly values from 1951-2009.
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The isotopic composition of precipitation is alsogoeat interest, especially
when utilising environmental isotope tracers inugrdwater studies (Gat, 1996). The
IAEA Global Network for Isotopes in PrecipitationGNIP) programme was
established to determine the temporal and spaii@tions of environmental isotopes
in precipitation. Knowledge of the current regiomtopic composition of meteoric
water such as the average anmif8D value can be particularly useful in providing

evidence for recharge provenance and groundwatelerce times.
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Figure 2.14. Long-term annual averag¥®O values for precipitation. Precipitation has a
value of -8 — -7% under current climatic conditioims the region of the Lower Rhine
Embayment (Bowen and Revenaugh, 2003).
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The isotopic composition of precipitation is strongorrelated to mean annual
surface temperature (Dansgaard, 1964; Fricke ahtbi)’1999), and has formed the

basis of numerous palaeoclimate studies (eg. Valatna., 2001; Rozanski, 1985).

2.4. Fault Zones

The faults that developed in the Lower Rhine Embaytrare described as
normal faults. Normal faults are characterised ayiing a fault plane that is vertical
or dipping towards the downthrown side of the fdBlgure 2.15). Normal faults are a
consequence of lithosphere stretching and form &teyctural features in many
sedimentary rift basins such as the Lower RhinerBd$ie normal faults that develop
in extensional basins are often segmented and stonsinumerous overstepping
segments (Bense and van Balen, 2004). As a conseg|oé overstepping segmented
normal faults, fault relay structures often develapd typically form areas of
hydraulic contact between otherwise isolated grawatdr reservoirs (Bense and van
Balen, 2004). The reader is referred to Bense andBalen (2004) for an analysis of
relay structures in the Lower Rhine Embayment.

The fault zones of the Lower Rhine Embayment cao &le described as
synsedimentary (or growth faults) in that duringliseentation, the active fault
significantly influences sediment deposition reggitin thicker and generally more
sand dominated layers of strata forming on the doxemn side in comparison to the
time-equivalent formation of strata on the upthroswde (Childset al., 2003). The
reader is referred to Childst al. (2003) for a detailed account of synsedimentary

faults.
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Figure 2.15. An example of a cross section through strata désa by a normal fault.

Synsedimentary normal faults have been exposedéanopen cast lignite
mines of the Lower Rhine Embayment. The synsediamgnhormal faults were
observed in an exposed deltaic sequence withiopkea cast mine known as Frechen
and field measurements indicated that the averagke @f dip for these faults in this
region was 70° and fault throws were measured upOd m (Lehner and Pilaar,

1997).
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2.4.1. Spatial distribution of faults

The Lower Rhine Embayment is a highly faulted ragiath a large number
of NW-SE striking fault zones (Figure 2.16). Majadbck sealing graben faults such
as the Erft, Rurrand and Peel Boundary faults havéundamental impact on
groundwater flow within the Lower Rhine Embaymedntcombination with enhanced
flow conditions caused by current large scale tgnmine de-watering, faults
influence groundwater flow patterns in many arddse most notable features are the
large hydraulic head gradients that exist acroalisfahat separate adjacent tectonic
blocks (Figure 2.11). Figure 2.16 illustrates tpat&l distribution and high density of
fault zones in the Lower Rhine Embayment as webllamwving the proximity of the
lignite mines in relation to the major faults thaund each of the tectonic blocks. For
an overview map of the tectonic blocks the readereferred back to Figure 2.2.
However, although regionally significant fault zendearly have a large influence on
groundwater flow dynamics, smaller faults have alsen shown to influence

groundwater flow patterns on a local scale (egs&and De Ridder, 1960).
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Figure 2.16. Spatial distribution of faults in the Lower RhiBenbayment, Germany.
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2.4.2. Deformation processes within fault zones

The physical and chemical properties of a faultezdatermine the distribution
of porosity and permeability within the fault zoi@eformation processes play a key
role in creating impermeable barriers, reducingopity and permeability and/or
creating preferential pathways. The main defornmagioocesses that are important in
understanding faults and their impact on groundwd#tev in the Lower Rhine
Embayment are cataclasis, diagenesis/cementatidrclay smearing (Bensé al.,

2003).

2.4.2.1. Sand

The deformation processes that involve sand requgresideration based on
the relative clay content of the sand materiah&swill have a strong influence on the
significance of a given deformation mechanism dredresultant change in fault zone
permeability and porosity.

For sand media that contains less than 10% clay,atttive deformation
mechanism varies as a function of depth and pgrdsulljameset al., 1997). At
shallow depths (<1.5 km) there are essentially dwnlg important mechanisms —
cataclasis and particulate flow. Cataclasis dessrthe process of grain crushing and
grinding along discrete shear faults and resultaimd grains that are relatively fine in
comparison to the initial grain size (Fulljamgsal., 1997). Subsequent compaction
and potential cementation can reduce fault porosityd permeability quite
significantly (Fulljameset al., 1997). Cataclasis is the most dominant defoonati
process at a depth of greater than approximateédgn laccording to Fulljamest al.
(1997) and often leads to a reduction in fault peahility. At shallower depths (<1
km), particulate flow becomes more common thanatasss but during the transition

from one process to the other it is possible tludh Iprocesses occur simultaneously.
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Particulate flow describes the displacement andirgprof sand grains with a
corresponding increase in pore size which would keaan increase in the hydraulic
conductivity of the fault zone (Sperrevik al., 2002) although data supporting this
hypothesis is limited.

For sands with a clay content of greater than 1id&compaction and mixing
of sand will typically result in reduced bulk pomtysand a more homogenous
distribution of low permeability clay particles rexing the hydraulic conductivity of

the fault zone.

2.4.2.2. Clay smearing

Clay smearing is a process where dragging or @ufitilv of clay layers along
the plane of a fault between blocks of strata aheeiside of the fault plane ie. the
footwall and hanging wall; results in a clay smakmg the fault plane (Caire al.,
1996; Rawlinget al., 2001). The smear forms a continuous band ofgemmeability
clay and is an important fault sealing mechanisat #ffects groundwater systems
(see Figure 2.17). In recent years there has bemeasing interest in fault sealing
mechanisms such as clay smearing. This has beetodaeneed for an improved
understanding of the formation mechanics and tlairnge potential of faults with
regard to proposed Carbon Capture and Storage (@@8yammes, as faults could
provide leakage pathways for sequestrated i@@eep subsurface reservgiBickle
et al., 2007). However, the precise physical developroéotay smears is still poorly
understood. A number of authors have studied clagasing at outcrop locations
(Lehner and Pilaar, 1997; Van Der Zee and Uraib2@&nsest al., 2003) as well as
creating laboratory experiments (eg. Schmetal., 2010; Cuisiat and Skurtveit,

2010; Sperrevilet al., 2000).

34



Clay smears that occur in some major faults ofLitrrer Rhine Embayment
have a thickness of up to 1m (Lehner and Pilaa®719The emplacement of this
guantity of clay within a fault zone is possibleedto a slight fault offset in the
direction of the downthrown block (Lehner and RiJak997). Clay smearing can
significantly reduce the permeability of fault zenéypically forming a seal to lateral
groundwater flow (Egholnet al., 2008). However, drag or injection of sand altimg
plane of the fault adjacent to the clay smear Hes been observed in laboratory
experiments using ring shear apparatus (CuisiatSkuodtveit, 2010) and a number of
field studies (eg. Bense and van Balen, 2004; Himitg al., 2002). If the fault core;
which consists of gouge, cataclasite and mylonitemonents (Cainet al., 1996),
contains both clay and sand material, fault perntigabs likely to be strongly
anisotropic in that fault permeability will incremaalong the fault plane whereas fault
permeability perpendicular to the plane of the tfamill be significantly reduced
forming an effective barrier against lateral growater flow (Bense and Person,
2006). Clay smears were observed in fault zone xgs during lignite extraction in
the Frechen open cast mine by Lehner and Pila&7{1€lay smears in the Frechen
mine ranged from a few centimetres in minor sheait$ to 70 m in major graben
faults and reached a thickness of 1 m in some pladéhough 10-20 cm was more
typical (Lehner and Pilaar, 1997). The thicknessl dngth of a clay smear is
determined by the thickness and number of claycgobheds within the throw window
and the clay smear usually decreases in thicknébsinereasing distance from the

source bed (Fulljamest al., 1997; Egholnet al., 2008).
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Figure 2.17. Clay smearing and sand drag/injection in the LovRhine
Embayment (reproduced from Bense and van Baler})200

2.4.2.3. Diagenesis
Diagenesis describes any physical or chemical ahémaf occurs to sediments
subsequent to their deposition, either during terdithification. Such changes occur

at relatively low temperature and pressure. Porosisually decreases during
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diagenesis and processes such as the mineral ipggoip of iron and manganese
oxides can cement porous fault zones to the extentfault porosity is significantly

reduced or completely eliminated (Cheiral., 2000).

2.4.3. Flow dynamics across and within fault zones

Large hydraulic head gradients observed acrossZanks in the Lower Rhine
Embayment suggest that faults often form effecheeriers to lateral groundwater
flow. The most straight forward explanation invavhe juxtaposition of permeable
aquifer media such as sand or gravel against imgegoia confining layers of clay as
a result of fault throw. However, deformation maakens such as clay smearing and
diagenesis suggest that faults have the physioglpties to form effective barriers to
the lateral component of groundwater flow. This gs the conceptual model
developed by Rawlingt al. (2001) that fault zones in unconsolidated sedtmen
frequently form barriers to lateral groundwaterwfl@as a result of reduced fault
permeability. However, fault zones that act asieesrto groundwater flow are not
necessarily permanent features, and the formafistractural permeability networks
can lead to a discontinuous fault seal resulting ttegree of leakage across the fault
over time (Dewhurst and Jones, 2003). On the dthrd, a fault may act as a conduit
during deformation and then as a barrier when tite gpaces become cemented by
mineral precipitation (Cainet al., 1996). Bense and Person (2006) describe faults i
unconsolidated sediments as conduit-barrier systeinese fault zone permeability is
strongly anisotropic and vertical permeability i&ea much greater than horizontal
permeability. In this situation, a fault zone willrm an effective barrier to lateral
groundwater flow as described by Rawlieg al. (2001) and supported by the

presence of large hydraulic head gradients acrbes fault, but the fault can
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simultaneously act as a conduit for vertical grouatdr flow connecting shallow and
deep aquifer units that are typically isolated hyaguitard or aquiclude. Beneeal.
(2008) present evidence for vertical conduit floang faults in the form of thermal
anomalies. Benset al. (2008) conclude that numerical analysis of erogplri
geothermal data collected from observation borehaie close proximity to the
Rurrand fault in the Lower Rhine Embayment suggélst&st strong positive and
negative thermal anomalies are transient featunes tesult from upward and
downward groundwater flow respectively within theult zone. These features are
believed to be the result of lignite mine de-watgrand subsequent lateral flow into
aquifer layers adjacent to the Rurrand fault anppstt the conduit-barrier model
proposed by Bense and Person (2006). StoesselPeuhaska (2005) studied the
vertical movement of deep formation fluids along tBaton Rouge Fault in South
Louisiana, USA. Hydrochemical and isotopic datahsas Br/Cl, K/Cl and Na/Cl
ratios, Mg" and S@* concentrations as well &SrF°Sr isotope ratios provided
strong evidence that suggested vertical condwt b deep saline formation fluids
from depth to shallow aquifers along sections ef Baton Rouge fault and that these
formation fluids were responsible for the obsernmdckish water in the upper
aquifer. Another example of groundwater flow aldaglts was published by Chan
al. (2000). Charet al. (2000) used isotopic evidenc&d0, §*°C and§®’Sr) and
physical observations to suggest that deep reduitings flow upward along the
Moab fault in Utah, USA mobilising iron and predgiing iron oxide (hematite) and
manganese oxide as the deep groundwater mixesmattern oxygenated recharge
near the surface. Fluid flow along the Moab fasltbelieved to occur as a multi-
episode series of events due to the accumulatitiarpaof iron oxide mineralisation

and the geometries of hematite concretions.
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3. Dissolved Noble Gases and Stable Isotopes in Groundwater

Numerous environmental tracers have been utilisathgl this research in
order to achieve the aims and objectives definecClapter 1. The geochemical
tracers used include the dissolved noble gase<lainh, neon, argon, krypton and
xenon, and the stable isotopes of hydrogen, oxycgmon and strontium, as well as
more routine hydrochemical tracers such as the mrajts. Chapter 3 provides a
critical review of noble gas and stable isotopecgemistry relevant to this study and
outlines the necessary background information requfor interpreting dissolved
noble gas concentrations and stable isotope datgrémndwater samples collected

during 2007/08 from the Lower Rhine Embayment, Gatyn

3.1. Dissolved noble gases in groundwater

The noble gases are a chemically inert group oheigs that occupy group 18
of the periodic table. The noble gases that arecajly applied in hydrogeological
research include; helium (He), neon (Ne), argon),(Rrypton (Kr) and xenon (Xe).
The noble gas radon (Rn) has no stable isotopedsarately used in groundwater
studies. However, radioactivé’Rn (half-life of 3.8 days) has been used as a
groundwater tracer in laboratory studies (eg. Hoehal, 1992). Noble gases are
incorporated into the meteoric phase of the hydjiokd cycle by gas partitioning
during air/water exchange reactions with the atrhesp. Noble gases are generally
considered as conservative tracers in groundwater t their low chemical
reactivity. It is possible for the atmosphericatlgrived noble gas component to
remain constant in confined aquifers for long pasiof time (18+ years) subsequent
to a recharge event (Heaten al, 1986). However, gas phase £f@esent in the

subsurfacgsuch as a magmatic injection) in contact with tr@ugdwater system can
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‘strip’ dissolved atmosphere-derived and crustdlffgenic noble gases by G@ater
phase partitioning in the saturated zone (Gilfikdral, 2008).

The concentration of atmospherically derived nobl@ses dissolved in
groundwater can be used to determine the temperatuthe water table during
recharge. This recharge temperature is often egletw in the literature as a Noble
Gas Temperature (NGT), and if combined with grouatdw age-dating techniques
applicable to groundwater with a long residencest{eg.*’C, *°Cl and®Kr dating) it
can be used as a tool for palaeoclimate recongiru¢eg. Andrews and Lee, 1979;
Stuteet al, 1995a; Stutet al, 1995b; Aeschbach-Hertag al, 2002; Lehmanet al,
2003). Noble gases have also been shown to hat agplications in lake sediment
pore waters as palaeolimnological (Strassmathral, 2005) and environmental

change (Brennwaldt al, 2004) proxies.

3.1.1. Noble gases in meteoric and connate water
Noble gases in meteoric water are generally corsidéo be in solubility
equilibrium with the atmosphere following Henry’aW for a dilute solution which is

given by:

p=k(T. 90x (3.1)

Where, for a dissolved noble gasp; is the partial pressure of the noble gas in tle ga
phase (fugacity)x is the equilibrium concentration of the dissolvemble gas as a
mole fraction and; is a proportionality coefficient (Henry’s Law cdast) which is
dependent on temperatui® @nd salinity §).

In many aquifer systems the groundwater considisegnof meteoric water.

However, in some deep circulating systems and epdeasement formations the
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origin of groundwater is not always meteoric. Caen#luids describe water and
dissolved minerals that were trapped within poraceg during the formation of
sedimentary aquifer systems. This groundwater tisnofeferred to as juvenile water

and its noble gas signature is largely unknown f@zand Podosek, 2002).

3.2. Noble gas components in groundwater

The origin of dissolved noble gas isotopes in gawater typically has several
components and these are illustrated in FigurelB.addition to the atmospherically
derived component, there are two other importam-atonospheric sources of noble
gases in groundwater. These includeithsitu radiogenic production of noble gases
and terrigenic helium which describes an extertuxl from either the Earth’s crust or
mantle. The anthropogenic isotopesiafand®*Kr are particularly important for age-
dating modern groundwater in the range of 0-60 yeaud are discussed in Section
3.4.2. However, both anthropogenic and cosmogewniopes have a negligible effect
on total noble gas concentrations in groundwategeneral, groundwater of meteoric
origin can be considered as a mixture of atmospaktyi derived noble gases and
varying quantities of radiogenic noble gases ant#migenic helium (Kipferet al,

2002).
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Cosmogenic

3He, 2'Ne, 3°Ar and 3'Kr
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Figure 3.1. The sources of stable and radioactive noble gdspes in groundwater (modified from
Andrews, 1992). Atmosphere-derived andsitu radiogenic and/or nucleogenic production of noble
gases along with terrigenic crustal and/or martieek of helium can contribute significantly toabt
noble gas concentrations in groundwater systemsmagenic and anthropogenic sources have a
negligible effect on total noble gas concentratibos specific isotopes have important significance

for groundwater age-dating; for exampig ®Kr and®Kr.

3.2.1. Noble gases in the atmosphere

Atmosphere-derived noble gases make up the lagedt most important
contribution to total noble gas concentrations iougdwater of meteoric origin. The
atmospheric composition and isotopic abundancé®fnibble gases and their stable
isotopes are given in Table 3.1. The atmospherittribmtion to total noble gas
concentrations in groundwater typically has two poments; atmospheric solubility

equilibrium and excess air.
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Table 3.1. Noble gas composition of dry air and isotopic atance.

Noble Gas | Volume Fraction Isotope Abundance (%)

. 5 *He 0.00014
Helium 5.24x10 e 100
“Ne 90.5
Neon 1.818x10° 2INe 0.268
22Ne 9.23

SeAr 0.3364

Argon 9.34x10° BAr 0.0632
4Opr 99.6
"®Kr 0.347
zzKr 2.257
Krypton 1.14x10° 832 ﬂig
8iKr 57.00
8K r 17.40

12%e 0.0951

126xe 0.0887
128¢e 1.919
12%¢e 26.44
Xenon 8.7x10°8 130 e 4.070
Blxe 21.22
132%xe 26.89

139%e 10.430
136 e 8.857

(Ozima and Podosek, 2002)

3.2.1.1. Atmospheric solubility equilibrium

The most important component of dissolved nobleegda groundwater is
atmospheric solubility equilibrium as this providasreference point for observed
concentrations and enables the calculation of nghtetemperatures (NGTs). Noble
gases exhibit a wide range of solubilities that destrate increasing solubility and
temperature dependence with increasing atomic r{sess Figure 3.2). Noble gas

solubility in groundwater is defined by Henry’'s Ldar dilute solution (Equation
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3.1). Noble gas solubility is determined empirigdifom the relationship between
measured Bunsen coefficientsn distilled water (defined as the quantity of das
cm® STP) dissolved in a unit volume (1 §nunder a partial pressure of 1 atm) and the
antecedent temperature conditions. Due to theingatiut’ effect, (noble) gases are
about 25 % less soluble in sea water than theingresh water (Ozima and Podosek,
2002). The effect of salinity on solubility equilibm can be described by the

Setchenow equation:

In( Z‘ ((I g))J “K B (3.2)

Wherek; is the Setchenow coefficient (or salting coeffitjeof noble gas andcnac
is the NaCl molarity. Empirical salting coefficisrfior all of the noble gases in NaCl

solutions are given by Smith and Kennedy (1983).
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Figure 3.2. Noble gas solubility equilibrium temperature depsmzk. Solubility and

temperature dependence increase with atomic mass.

Noble gas concentrations in groundwater are tylyicaported in the units of
cm3 STP @ H,O. The solubility of noble gases in pure water gireen by; Weiss
(1970) for Ar, Weiss (1971) for He and Ne, Benson &rause (1976) for He, Ne,
Ar, Kr and Xe, Weiss and Kyser (1978) for Kr, Cley#979a) for He and Ne, Clever
(1979b) for Kr and Xe, and Clever (1980) for Ar.ré&b sets of noble gas solubility

data have been calculated (Table 3.2) by Aeschbiectig et al. (1999).
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Table 3.2. Noble gas solubility expressed as Bunsen coeffisjg at 10 °C, 1 atm\Ne of

27% and zero salinity.

Helium Neon Argon Krypton Xenon
Solubility (He) (Ne) (Ar) (Kr) (Xe)
cm3® STP gt
Weiss 6.217x108 | 2.563x10" | 4.141x10P* | 9.445x10% | 1.344x10®
Clever 6.237x10® | 2.576x10"7 | 4.134x10* | 9.440x10® | 1.344x10%
Benson | 6.271x10® | 2.586x10"7 | 4.123x10™* | 9.465x10”® | 1.343x10%

These solubility data were calculated by Aeschhideltig et al (1999) for
the interpretation of dissolved atmospheric nobéseg using an inverse fitting
technique almost identical to the method developgdallentine and Hall (1999).
The solubility data was incorporated into the MATBA routine NOBLE90
(Aeschbach-Hertigt al, 2000; Peeterst al, 2002) which is discussed $ection 3.3
The three groups of solubility data in Table 3.2eagvery well for Kr and Xe but the
Benson solubility is 0.44% less than the Weiss lstity for Ar, and the Benson
solubilities are 0.86% and 0.89% more than the ¥/s@ubilities for He and Ne
respectively. Clever solubilities have intermediaddues between Benson and Weiss
solubilities for He, Ne and Ar. According to Aeselth-Hertiget al (1999) the
choice of solubility data does not significantlyfet the calculated parameters of
temperature and excess air because the largestediffe between the three groups of
solubility data (Benson-Weiss) is of the same ordérmagnitude as typical
experimental errors (~1%), although inconsistenash vsolubility data selection

would introduced small systematic errors.

46



3.2.1.2. Excess air

Dissolved noble gases have been observed at coatens that exceed their
atmospheric solubility equilibrium concentration many site investigations and
groundwater research studies (Mazor, 1972; Andrang Lee 1979; Heaton and
Vogel, 1981; Wilson and McNeill, 1997; Ingraet al, 2007). It was suggested that
the most likely cause of dissolved gas supersadmraiccurs as a result of air bubble
entrapment in quasi-saturated soils (Heaton andelof981). It was initially
propounded that air entrainment at the water tablporous media and subsequent
dissolution occurs with increased hydrostatic presst depth, leading to noble gas
supersaturation of groundwater relative to its ity equilibrium concentration.
This phenomenon is now routinely referred to inlitezature as ‘excess air’.

The excess air component of dissolved noble gagse®in groundwater was
typically seen as just a necessary correction aften dimited the accuracy of
calculated recharge temperatures (NGTs) due tométell understanding of air
entrapment and excess air formation in most aquifestems. Heaton and Vogel
(1981) first identified the potential for using @ss air measurements to identify and
distinguish between different areas of rechargbpagh few subsequent studies fully
utilised the excess air parameter. However, intemesthe noble gas excess air
parameter has gained momentum in recent yeardrn@@met al, 2007; Klumpet
al., 2007; Aeschbach-Hertigt al, 2008; Suret al, 2008; Osenbrticét al, 2009).

A number of laboratory studies have been used tm @m improved
understanding of air entrapment (Faybishenko, 1888)the subsequent formation of
excess air (Holocheet al, 2002; Klumpet al, 2007). Holocheret al (2002)
investigated the formation of excess air using wesies of column experiments.

Quartz sand was packed into 1 m length columnsaanshturated water (ASW) was
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allowed to flow through the systems. A constantenvdvel was maintained in one
column whereas a fluctuating water level was induage the other. The results
showed that both columns produced enriched nobge cgacentrations relative to
ASW and that the amount of supersaturation rangeth f1.4% to 16.2%ANe.
Holocheret al (2002) suggest that there are six parameterstmtol the formation
of excess air in quasi-saturated porous media. €T hasameters are; hydrostatic and
capillary pressure, flow regime, volume of initiaintrapped air, entrapped air bubble
size, initial composition of dissolved gases ardl ithitial composition of entrapped
air. Holocheret al (2002) conclude that from their column experimserihe total
volume of initially entrapped air and the sum o thydrostatic and capillary pressure
that acts upon the entrapped air bubbles are thst significant factors in the
formation of excess air.

A number of additional factors that can influenbe aiccumulation of excess
air in groundwater have been suggested. Thesedadhe physical structure of the
unsaturated zone (particularly at the capillaryndga) and seasonal patterns of
precipitation that affect water table fluctuatioasd recharge rates (Stute and
Schlosser, 1993). The relative amplitude of thes¢ewtable fluctuations will also
have a significant influence on excess air valdegrém et al, 2007). Human
activities such as groundwater abstraction and watsource management schemes
such as artificial recharge (Ceyal, 2008) or large scale industrial mining operagion
and mine de-watering can also have a significapghon water table elevation and
fluctuations and therefore excess air concentrati@eyet al (2008) observed excess

air concentrations up to ~400&MNe in areas of artificial recharge.
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3.2.2. Terrestrial sources of noble gases
3.2.2.1.In situ production in the sub-surface

Noble gases are produced by radioactive decay osubgequent nuclear
reactions that are initiated by radioactive decathe subsurface. The most significant
radiogenic noble gases afde, “He and*’Ar and they are produced frofhl, U-Th
decay series elements affk respectively. Helium and argon isotopes are thly o
noble gases routinely used in groundwater studieg have the potential for
significant radiogenic production in the subsurfadéhough?’Neqis also potentially
important in studies of deep circulating aquifesteyns and palaeogroundwater.

Uranium and thorium are elements that occur ingtlm&tural decay series that
begin with 2%, #*2Th and***U respectively. The radionuclides of these elements
generally exist in a state of secular equilibrium which the abundance of the
radioactive isotope remains constant because tauption rate is equal to the decay
rate. Alpha particle emissions consist of two pngt@nd two neutrons and forms a
particle that is identical to a helium nucleus &ag a charge of +2 often expressed as
sHe?*" or ;a. Alpha particles interact with the surrounding ieonment, stripping
electrons from other atoms and creating positives iand free electrons. Shortly after
being emitted, alpha particles gain the two eledrthat are required to create stable
*He atoms. RadiogeniéHe can accumulate to concentrations several ordérs
magnitude higher than atmospheric solubility eguilim in deep circulating

groundwater that has a long residence time (Toegeasid Clark, 1985).
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3.2.2.2. Terrigenic flux

The terrigenic flux refers to noble gases (prinyatilelium isotopes) that
emanate from geochemical reservoirs in the Eantimésitle or crust. Helium will
accumulate in deep circulating groundwater asdeads from the mantle and crust,
and this can be used to provide a qualitative ateha of groundwater residence time
(Zhou and Ballentine, 2006). Uranium and Thoriune aften present at high
concentrations within the Earth’s crust and nuclesctions involving U-Th series
elements produce significant quantities of nucledg@oble gases. These reactions
have far greater impact on the noble gas compasitib deep groundwater than
reactions that occur in the mantle. Crustal He &led contain large nucleogenic
components and due to the very high diffusivity tbése light noble gases they
commonly migrate into aquifer systems (Ozima anddd3ek, 2002). Crustal
nucleogenic helium-3 is produced from the reactleacribed byequation 3.8which

essentially involves a neutron capture reactiohi:of

2Li(n,a)3H - JHe (3.3)

(Morrison and Pine, 1955)

The spontaneous fission 6fU as well as reactions with light elements suciNas
Mg, Al and Si generates the necessary neutronse-guadticles are emitted from the
decay of U and Th (Ozima and Podosek, 208R)e and®®Ne have significant crustal
sources from materials such as granite and alsvieveactions involving-particles
and neutrons derived from the U-Th decay series.

The mantle component of the terrigenic flux wilinstst purely of primordial

helium because there are no radiogenic sourceseimiantle. If the terrigenic flux
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rate can be estimated accurately and radiogeniduptmn within the Earth’s crust
can be calculated from known uranium and thoriumnceotrations, then
interpretation of groundwater He concentrations banused in a semi-quantitative

way for assessing groundwater residence times.

3.2.3. Helium isotopes in groundwater

Helium-4 has significant radiogenic and terrigesiuirces in deep circulating
groundwater (eg. Griesshaber al, 1992; Stuteet al, 1992; Castreet al, 1998;
Bethke et al, 1999) as well as potential radiogenic inputsstallow aquifers
(Solomonet al, 1996). Helium-3 has additional nucleogenic aitgbgenic sources in

shallow aquifers (Schlosset al, 1988; 1989).

The total®He balance is given by:

3 -3 . . 3 o 3 13 13 ) .
HeTotal - HeTrltlogenlc"' HeSol. EqU|I|br|um+ HeExcess Airt HeNucIeogenlc"' HeTerrlgenlc(3-4)
The correspondintHe balance is given by:

4HeTotal = 4HeSol. Equilibrium+ 4HeExcess airt 4HeRadiogenic+ 4HeTerrigenic (3-5)

The helium isotope ratitHe/He is often used to identify gases of crustal or
mantle origin, andHe enrichment from thin situ o-decay of U-Th series elements
and/or crustal and mantle fluxes (terrigenic Hefyegjuently reported in the literature
at up to 5 or 6 orders of magnitude higher thamttsospheric solubility equilibrium

concentration (eg. Andrews and Lee, 1979; Casttah, 1998; Bethket al, 1999).
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Table 3.3. Typical*He/'He ratios in natural systems

Geosphere Component *Hel*He Source
Atmosphere 1.384x10° All
Crust 107 - 108 Radiogenic
Enriched U, Th sedimenty > 10%° Radiogenic
Mantle 10° Primordial
Active tectonic zones 10° - 10’ Radiogenic and Primordial

(Clarkeet al, 1976; Beyerle, 1999)

As a result of subsurface situ production of*He, mass transfer occurs
between the aquifer media and groundwater leading guantifiable relationship
between groundwater residence time &nd concentration (Stuet al, 1992; Castro
et al, 2000). HoweveriHe groundwater age-dating is often only used asohfor
estimating groundwater age due to the complexitgrotindwater containing helium
from several sources and pathways such as crustahantle signatures in addition to
the release of helium from previously trapped nresies of radiogenic origin
(Solomon et al, 1996; Zhou and Ballentine, 2006). However, Tosga (2010)
suggests that it is now possible to determine dairdy limits associated with crustal
fluxes using the increased number of published sets and thus improvirde age
estimates. Helium-4 is typically used to date gdwater in the range of {010°
years and is often supported by additional agexgatchniques such a&C with a
half-life of 5730 years®’Kr with a half-life of 229,000 years and/SCl with a half-

life of 301,000 years (Lehmaret al. 2003).

3.2.4. Argon isotopes in groundwater
Argon isotopes in groundwater have significant afph@ric and terrestrial
origins and combined withHe their use as geochemical tracers was recogmised

early as 1935 (Savchenko, 1935). The radioactiveidei®**Ar is produced in the
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atmosphere by neutrons of secondary cosmic radiaa® well as in terrestrial
environments byn situ reactions eg®*K — (n, p)*°Ar. Argon-39 has a half-life of
269 years which gives it potential as a groundwaige-dating tool, however, it
application is limited due to problems arising frdetermining source contributions.
Groundwater with an age in the range of >1000 yedlishave an argon
isotope ratio CAr/*Ar) that will usually show a variation from that dahe
atmospheric ratio due to tlie situ production and accumulation of radiogeffiar.
The quantity of*®Ar that is derived from thén-situ decay of long lived’K can be
significant, and is proportional to the potassiunmtent of the solid aquifer material
and the diffusive flux from the crust. At the satimee, *°Ar produced from the decay
of **Cl is usually very low and generally consideredligitgje. This implies thaf®Ar
is essentially the isotope that is solely respdasior altering the'Ar/*°Ar ratio in
groundwater. The'®Ar/*°Ar ratio of atmospheric argon is 295.5, but duettie
production of “°Ar in the subsurface and the uniform concentratidn®®Ar as
previously discussed, thH&Ar/*Ar ratio in groundwater is always greater than or
equal to 295.5. Th&Ar/*°Ar ratio can therefore be used as a qualitativé frothe

identification of very old groundwater.

3.3. Mathematical modelling of recharge temperatures and excess air

In order to resolve the atmospheric solubility éfdum and excess air
component contributions to total noble gas conegioims in groundwater a range of
techniques and models have been developed. The stadies such as Heaton and
Vogel (1981) calculated recharge temperatures usiability equations and

graphical techniques. These methods typically aeliea precision of + 1-2 °C.
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Graphical methods are based upon plotting a teryreraensitive heavy gas such as
Xenon against a temperature insensitive light ngbke such as neon to determine the
excess air concentration (helium is not typicallged due to numerous non-
atmospheric sources in the subsurface). Theseitp@®are not as accurate as more
recently developed mathematical solutions but thieynain useful for initial
assessments of the data and have been used stuttysfor that purpose (see Chapter
5).

Iterative techniques were developed that allowedr, the first time,
simultaneous determinations of unknown parametdateimodel equations were not
underdetermined from the measured data. The lesfelsrecision achieved using
iterative methods improved over graphical technsqaed were reported at = 0.8 °C
(Stuteet al,, 1995).

More recently, inverse modelling has been develdpe@allentine and Hall
(1999) and Aeschbach-Hertigt al. (1999). The two papers reported an almost
identical method which is based on a least-squaneggmisation process. The
technique back calculates noble gas concentratitome specific conditions and
compares the results to measured concentrationg abki-squared statistical analysis
for testing the goodness-of-fit between the modetiata and the measured data. The
chi-squared ) test weights the analysis so that the heaviepéegature sensitive
noble gases are used for determining the nobléegagerature (NGT) and the lighter
noble gases are used to determine excess air doso@ms. The level of precision for
the inverse fitting method has been reported as5+°0C (Aeschbach-Hertigt al,
2002).

Noble gas excess air is regularly reported as lga@ndifferent isotopic

composition to that of atmospheric air (Stateal, 1995). Usually, this occurs as an
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enrichment of the heavier noble gases and a camespy depletion of the lighter
noble gases. A number of studies have shown thenpal for excess air fractionation
to occur relative to an air equilibrated compositieg. Stuteet al, 1995; Aeschbach-
Hertig et al, 2000). Several models have been developed tridesthe formation
and fractionation of excess air in groundwater ey have been incorporated into
the MATLAB® routine NOBLE90 which is a freely downloadable leolyas
interpretation programme available from www.eawhgthat utilises the inverse

fitting method (Peeterst al, 2002).

3.3.1. Total dissolution model (or Unfractionated xcess air — UA Model)

Andrews and Lee (1979) first suggested a model tlestcribed the total
dissolution of entrapped air in porous media; tleeleh was subsequently modified by
Stute and Schlosser (1993). The total dissolutiadeh (TD) was the first model to
represent the formation of excess air. The TD masleharacterized by excess air
having quantities of dissolved noble gases in sagiqual to that of atmospheric air.
The concentration of dissolved gases originatirgnfrthe atmosphere in the TD

model is given by:

CG(TLSRA)=C(TSP A (3.6)
whereC;"(T,S,B is the moist-air solubility equilibrium concentian as a function of
temperatureT), salinity © and atmospheric pressui),(Aq is the concentration of

totally dissolved dry air and is the volume fractions of the individual gasesdig

air.
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This model implies that the excess air has the saomposition as the
entrapped gas (described by the volume fractiom tgy and is assumed to be
atmospheric air. The excess air component is destrby the parametéy. This

equation represents the most basic mathematictdreagon of noble gas excess air.

3.3.2. Partial re-equilibrium model

The total dissolution followed by partial re-egoittion with the atmosphere
model (PR), was proposed by Stwte al (1995). The PR model suggests that
diffusivity-controlled fractionation of excess aiccurs and leads to dissolved gases

being present at ratios different to that of atnhesie air. The PR model is given by:

G(TSPAB= (TSP AZd%w  @7)

Where R is the degree of re-equilibration #nds the molecular diffusion coefficient.
Entrapped air bubbles are initially completely diged as described by the TD model
but is then followed by diffusive loss across thatev table. Due to noble gases
having a range of molecular diffusivities the résisl a fractionated excess air
component with respect to atmospheric air. Theeakegf re-equilibration is given by
the remaining proportion of the initial neon exceBlse model assumes that the gas
exchange rate is proportional to molecular diffiugivMolecular diffusivity decreases
with increasing mass number therefore indicatireg the PR model would suggest
that the largest depletion of the initial excessveould exist for the lighter noble
gases and especially helium because of its vety diffusivity coefficient; and that
the heavier gases would appear enriched relatian@spheric air in the remaining

portion of excess air.
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3.3.3. Multi-step partial re-equilibration model

The multi-step partial re-equilibration model (MRas put forward by Kipfer
et al (2002) in an attempt to resolve the problem akabhstically high initial excess
air concentrations that are commonly predicted gusire PR model of Stutet al
(1995). The fundamental concept of the MR modet dliffers from the PR model is
that periodic water table fluctuations create aleyof air bubble entrapment,

dissolution and diffusive loss across the wateletabhe MR model is given by:

CLsPaR) (TSP AR S0 @y

WhereAy andR are the same as in the PR model miglthe number of steps.

3.3.4. Closed-system equilibrium model

The final model was put forward by Aeschbach-Hesigal (2000) and
describes the closed-system equilibration of grawatdr with only partially dissolved
entrapped air (CE) leading to solubility-controll&dctionation. The CE model is

given by:

C(TSPRAR=G(TS H% (3.9)

where C'(T,S,B is the moist air solubility equilibrium concerticm of gasi as a
function of temperaturerl}, salinity & and atmospheric pressui®),(Ac is the initial

concentration of entrapped air per unit mass oéwatis the atmospheric abundance
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ratio of gad, andF is the fractionation parameter (O is equal totdtal dissolution of
A, and 1 represents no excess air).

The hydrostatic pressure is generally not suffictencompletely dissolve all
entrapped atmospheric air within a closed systend #herefore the CE model

describes the solubility-controlled fractionatidvat occurs.

3.3.5. Alternative numerical models

Holocheret al (2003) developed a kinetic model of gas bubbsalution
(KBD) which describes the dissolution of entrappetibles in quasi-saturated porous
media using a physical approach. The model assuimasthe composition of
entrapped air bubbles is equal to that of the abme® — ie. the bubbles consist of N
O, and the noble gases.

Mercuryet al (2004) introduced a negative pressure model (M#¢h aimed
to correct the TD Model for negative pressures withe capillary zone that have the
potential to create changes in noble gas soluhisityes.

The oxygen depletion model (OD) suggested by kfalil (2005) questioned
the fundamental assumption that solubility equilibr with the atmosphere occurs as
a result of groundwater equilibration with air afr@spheric composition. Hadit al
(2005) state that low calculated noble gas temperat(NGTs) could be the result of
oxygen depletion in the unsaturated zone withoutab@ccumulation of carbon
dioxide. Further research based on the OD modehMihtan allowance for partial re-
equilibration of noble gases between groundwatdrsail air via diffusion in the gas
phase by Suet al (2008) and termed the gas diffusive relaxatiordeidGR) has

also been successful in calculating NGTSs.
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3.4. Applications of dissolved noble gases in groundwater
3.4.1. The noble gas palaeothermometer

One of the most promising uses of atmosphere-dériveble gases in
groundwater is determining the noble gas tempera{tNGT) and palaeoclimate
reconstruction (Stute and Schlosser, 1993). Thisrtigue was first applied my Mazor
(1972) and it enables the temperature to be caémi which water was equilibrated
with the atmosphereat the point of groundwater recharge. The noble gas
palaeothermometer is based on the principle tlastfubility of noble gases in water
is temperature dependent according to Henry’'s L@mly a small number of
assumptions are required to calculate NGTs and thelde: noble gas partial
pressures (determined from the altitude of recharb@0% relative humidity at the
capillary fringe, and temperature dependent nolle gplubility - determined from
estimated surface temperature at the time of rgehéBunet al, 2008). Since the
early work of Mazor (1972) a large number of stedmave applied the principles of
noble gas solubility equilibrium in order to derigalaeoclimatic information such as
Pleistocene recharge temperatures, to estimatendwater residence times and
identify recharge that occurred during the LGM (efndrews and Lee, 1979;
Andrews, 1992; Stutet al, 1992; Blavowet al, 1993; Stuteet al 1995; Dennist
al., 1997; Aeschbach-Hertit al, 2002; Beyerlet al, 2003; Zubeet al, 2004).

Andrews and Lee (1979) indentified palaeo groundwan a UK aquifer
system that was estimated to have a subsurfacgeres time in the region of 410
years and a recharge temperature calculated fresolged noble gases that was 5-7
°C cooler than today, and consistent with palaebare from the late Pleistocene.
Dissolved noble gases were also used by Blaveuxal (1993) to investigate

groundwater from a deep Eocene aquifer in Aquitarffeance. The palaeo
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groundwater present in the deep Eocene aquifetagisg a shift of -2—-3%o f08'°0
values and noble gases analyses enabled Blagbak (1993) to conclude that a
temperature shift of 5—7 °C had occurred since Rlestocene. Osenbriackt al
(1993) made a similar observation in Poland whe@T8l were 2—-3.5 °C lower for
palaeo groundwater than for modern recharge. Og&eklet al (1993) also noted a
shift in %0 values with palaeo groundwater being more depléban modern
groundwater — the same trend was also noted byeiffeet al, (1993) in southern
Germany.

Stuteet al (1995) applied the noble gas palaeothermometgrdaandwater
samples collected from a tropical region of BraZlC dating was used to identify
palaeo recharge with an age in the range of 16;080,000 years. Stutd al (1995)
used a graphical interpretation of dissolved nofdes data based on solubility
equations to determine that a temperature shif6.4f°C had occurred from the

Pleistocene to the Holocene.

3.4.2. Groundwater age-dating

Groundwater age-dating describes the process efrd&ting mean residence
times. Numerous tracers exist for determining tpe af groundwater, and each tracer
has a specific applicable timescale. Tritium is ¢tmdy tracer that forms part of the
water molecule so all other techniques rely onav&sl constituents (Clark and Fritz,
1997). Groundwater age-dating of both modern and gloundwater requires
consideration for this research. No direct datingthnds were used to determine
residence times for young groundwater within theveo Rhine Embayment due to
financial constraints. However, it was clear fromalbde isotope data that a large

proportion of groundwater in the shallow aquifeaslta modern meteoric signature. A
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key element to any further work would involve coasting the modern component of
groundwater by applying a suitable age-dating teglnsuch as th#H-He method.
Determining the precise age of the ‘old’ groundwatomponent is also of

great interest. Helium-4 measurements have provideliminary data to suggest that
deep groundwater with a very long residence timprésent in the shallow aquifers
near some fault zones. HowevéHe only provides a qualitative tool and more
accurate techniques such®6l or #Kr would provide a insight into the source and
origin of the ‘old’ groundwater. For these reasgnsundwater age-dating techniques

for both modern and old groundwater are discussémib

3.4.2.1. Dating modern groundwater

The use of dissolved noble gases as groundwatedatgey tools for modern
recharge generally involves utilising anthropogenjiuts of’H and®*Kr.

Tritium (®H or T) is a radioactive isotope of hydem with a half-life of 12.33
years (Unterweger and Lucas, 2000) and decays taitghter product; the noble gas
3He, throughB~ emission. Tritium is continuously produced natiyrély cosmic ray
spallation and fast neutron interactions with o in the upper atmosphere. The
removal of tritium from the atmosphere is an effitti process in which the tritium
atoms are incorporated into water molecules, eitlyedirect oxidation or exchange
with protium (*H) and deuterium (2H or D) to formitinated water molecules (HTO).

The testing of high yield thermonuclear fusion drssion devices, mainly
between 1953 and 1963 released large quantitiemibiropogenic tritium into the
atmosphere causing a spike-like input. Tolstikhind aKamensky (1969) first
suggested that combining measurements of both paitim and daughter helium-3

could be used as a tool for dating young groundwaied that such measurements

61



could provide an apparent age which would repreffamtlength of time that had
elapsed since the water had become isolated frenatthosphere. The 3H/3He age is

defined by the equation:

T 3y
r:%xln[H :T’J (3.10)
n

wherer is the 3H/?He age in years,, is the half-life of tritium (12.33 yearsHe' is
the tritiogenic helium-3 concentration ardlid the tritium concentration.

The first array of groundwater studies that used tifitium/helium-3 age-
dating technique included Takaoka and Mizutani {d98oredaet al (1988),
Schlosseet al (1988; 1989), Solomon and Sudicky (1991) and i@oloet al (1992;
1993).

Krypton-85 has a half-life of 10.76 years and wast freleased into the
atmosphere from plutonium reprocessing plants @ ehrly 1950s. Unlike tritium,
¥Kr does not have an ‘atmospheric injection spiketduse as the nuclear fuel
reprocessing industry has continued to expand thvcemtration of®°Kr in the
atmosphere has also been steadily increasing. my@% has proved useful as a
groundwater age-dating tool for young groundwaterthe range of <60 years.
Krypton-85 measurements have typically requireddasample volumes for analysis
using Low Level Counting (LLC) techniques (LoodlB92) but more recently, Atom
Trap Trace Analysis (ATTA) (Cheet al, 1999) and second generation ATTA (B
al.,, 2003) have reduced the sample size requiredtialyardue to improved

purification techniques (Yokoclei al, 2008).
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Radiogenic*He from thea-decay of U-Th series elements in rocks and
sediments is typically used to date groundwatehérange of 1,000 — 100,000 years
and has some potential to extend to fxjears and beyond. However, Soloneiral
(1996) used radiogenic helium-4 to date modern mptaater as young as 10 years
old at the well documented Sturgeon Falls studyisitOntario, Canada due to a high

release flux from a previously trapped reservoinetium.

3.4.2.2. Dating old groundwater

The naturally occurring radionuclide krypton-81 hadalf-life of 229,000
years. Krypton-81 is produced in the upper atmosphsy cosmic ray spallation
involving stable krypton isotopes. Krypton-81 pme$ the most robust age
interpretation for very old groundwater becauseetare fewer uncertainties relating
to the initial input value at recharge and subsetjsebsurface processes and sources.
The atmospherit'Kr/Kr ratio is assumed to be constant and well taised over the
past 1,000,000 years and subsurface productiosgkgible. However, field sampling
and laboratory analysis 8fKr is complex and challenging; primarily due to toev
concentration of krypton-81 in groundwater — tyfiickess than 1,000 atomsiH,O.
Krypton-81 measurements have been made using Resonbonization Mass
Spectrometry RIMS (Thonnardt al, 1987) and Accelerator Mass Spectrometry
AMS (Collonet al, 2000). Although these techniques proved sucaksre were a
number of issues preventing routine analysis. Meeently, a second generation
Atom Trap Trace Analysis ATTA technique (Det al, 2003) has significantly
reduced the volume of groundwater required for itm-de-gassing and by using
‘table-top’ laboratory equipment, has provided aclmumore promising tool for

potential routine analysis.
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Krypton-81 measurements using the ATTA technolagyuires the de-gassing
of approximately 2 rhof groundwater in the field using a vacuum strigpmethod
such as that described by Colleh al (2000). The krypton is then separated and
purified from the collected gases in the laboratPrpkochi et al, 2008) and then
analysed using ATTA (Det al, 2003).

The radiogenic component of helium-4 in groundwdtas been used as a
direct estimate of groundwater age (Andrestsal, 1982). The principle of using
helium-4 as a groundwater age-dating tool is rasiraple and assumes that helium-4
accumulation is groundwater is the resulirokitu a-decay of U-Th series elements
within the aquifer media, and therefore the higther helium-4 concentration, the
longer the groundwater residence time. To estirtfageage of the groundwater, the
method requires knowledge of U-Th content of aquifaterial and transfer fluxes.
However, many studies have shown that groundwajes &alculated in this way
provide erroneously long residence times (Andrewal, 1982; Torgersen 1985) and
that the excess concentration of helium-4 could swiply be explained byn situ
production from the aquifer media. A number of authhave attributed the additional
helium to a deep upward flux from the crust or tekease of a previously trapped
‘inherited’ reservoir of helium-4 (eg. Solomenal. 1996; Castret al, 1998; Bethke
et al, 1999; Mahara and lgarashi, 2003). The exteraie$ of helium-4 that are
reported in these studies imply that the princgfl&elium-4 dating is invalid in most
hydrogeological settings unless crustal fluxes loarestimated with a high degree of
accuracy. Zhou and Ballentine (2006) state thaimeses of crustal fluxes are
typically the most unconstrained value when calinga’He groundwater ages but
Torgersen (2010) suggests that with an increasimgber of external flux estimates

reported in the literature, the accuracyléé groundwater age-dating is improving.
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3.4.3. Indicators of recharge rates and conditions

Ingramet al (2007) investigated the relationship betweena@ealsvater table
fluctuation and excess air determined using neorasomements by comparing
borehole water level records over a 10 year pefioda layered sandstone aquifer
system in west Norfolk, UK, obtained from the UKvilonment Agency. Water table
fluctuation data was selected from boreholes tleeefnodern groundwater recharge
which was not affected by groundwater abstraction rhunicipal water supply
purposes and therefore the artificial influence wasimal. Ingramet al (2007) also
explored the possibility that excess air could beduas a direct indicator of long-term

average net annual groundwater rechaRyg iven that:

Rav=Duw § (3.11)

Where, Dy, is the depth of water above entrapped air &ne the specific yield.
Ingramet al (2007) successfully used dissolved noble gaseklstmguish between
groundwater bodies with different recharge hiswmrand demonstrated that noble gas
determined excess air correlated well with annuatiewtable fluctuations and could
therefore be used as a direct indicator of longitaverage net annual groundwater

recharge.

3.4.4. Carbon capture and storage (CCS) and nucleavaste disposal.

Geochemical tracers are powerful tools for assgs$ia potential for carbon
sequestration and nuclear waste storage in deemesetdry basins over geological
time scales. Specifically, dissolved gas such ag &1@/or noble gases can be applied

to determine aquifer isolation (Marigt al, 2003) or to identify possibly leakage
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pathways such as fault zones (Shipgoal, 2004; Vrolijket al, 2005; Gilfillanet al,
2008). This is particularly relevant to this stusiycause it is hypothesised that faults
act as preferential flow paths between deep antloshaquifers within the Lower
Rhine Embayment, Germany.

Carbon Capture and Storage (CCS) is a strategy htastthe potential to
significantly reduce anthropogenic g@missions and stabilise the concentration of
atmospheric C@ The CCS approach involves the capture, transpwitlong term
storage of C@ from the combustion of fossil fuels and other carbemitting
industrial processes. The @@ captured from flue gas emissions using a nurnber
collection and separation techniques. Compreheraidedetailed information on all
aspects of CCS theory and technology can be foartle IPCC Special Report on
Carbon Dioxide Capture and Storage by Mtal (2005).

The oil and gas fields of the North Sea have pa@ikas large capacity carbon
storage sites for COemissions generated in the UK and northern Eusopk have
attracted much attention in recent years. Howeies estimated that deep saline
aquifers in the same region could hold up to 18%$& more carbon than the North
Sea oil and gas fields (Me#&t al, 2005). CCS technology using deep saline aquifer
systems is generally more uncertain as little teroknown about the hydrogeology
and how groundwater dynamics could affect the w@tedispersion and overall
residence times of the injected €Qhe IPCC Special Report (2005) clearly states
that there is “a need for better understandingoofgiterm storage, migration and
leakage pathways” and Gilfillaet al (2009) conclude that geological mineral
fixation of sequestrated G@s likely to form only a minor carbon sink in deaguifer
systems and that most of the injected,@@l be dissolved in groundwater and

therefore potential fluid flow pathways would reigudetailed investigation.
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3.5. Stable Isotopes
3.5.1. Overview

Stable isotopes are now frequently used in many rdgablogical
investigations and they often form the foundatiba enulti-tracer approach when it is
necessary to determine the origin of groundwatsharge processes, flow paths and
to identify palaeogroundwater (eg. Edmunds, 2004dikivideet al, 2001; Zubert
al., 2004; Yuce, 2007; Von Rohdeat al, 2010). Typically, isotopes of hydrogen,
oxygen and carbon will be used together with hydemgical and field parameter data
and if necessary more exotic tracers such as rgddes or various radionuclides.
These stable isotopes have the advantage of lomiatmass and therefore the
relative mass difference between their isotopelnge, thus having the additional
benefit of enabling small fractionations to be mueed relatively easily and very
precisely in the laboratory.

Isotopic fractionation processes are fundamental diable isotope
geochemistry. Isotopes of any given element willchalightly different physical and
chemical properties because of differences in tim@iss and the strength of chemical
bonds. Typically this results in mass-dependertbo fractionations. The two key
processes that control mass-dependent fractionatierkinetic effects and isotope
exchange reactions. This is because physical ardichl reaction processes are
considered as either unidirectional Kkinetic reatdioor reversible equilibrium
reactions, ie. isotope exchange reactions; andateeat which bonds are broken in

chemical reactions describes these kinetic effects.
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3.5.2. Notation and standards
The delta notation expresses the abundance ofem gdotope of a particular
element in a sample relative to the same isotopa raference material of known

isotopic composition. The delta value is expressed

0(%o) = [M-ljxlooc (3.12)

tandard

Where R is the heavy to light isotope abundance ftthe sample and standard.
Delta values are reported in per mil (%o) or paes fmousand with positivé-values
indicating that the heavy to light isotope ratiohigher in the sample than in the
reference material and negatd«values indicating that the heavy to light isotoato

is higher in the standard than in the sample. Theeot reference standard for oxygen
and hydrogen isotope measurements is Vienna Stntdgan Ocean Water
(VSMOW) and the current standard for carbon isotapalyses is Vienna PeeDee

Belemnite (VPDB).

3.5.3. Stable isotopes of the water molecule

The principal stable isotopes of hydrogen and omydmve been used
extensively in hydrogeological studies (eg. Rozans885; Gat, 1996; Zubeat al,
2004; Von Rohderet al, 2010). These isotopes of the water molecule igeov
evidence for determining the origin of groundwatiere to a variation in isotopic
composition that occurs as a result of isotopictfemation processes. For example,

meteoric waters tend to be enriched in the ligilgetopes whereas waters subject to
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high rates of evaporation are often enriched inhbavier isotopes of hydrogen and
oxygen (Gat, 1996). This can be explained by opgstemn (Rayleigh) isotopic
fractionation. The vapour pressures of lighter rooles are higher than those of
heavier molecules of the same compound so the eligidéotopes of water
preferentially escape into the vapour phase duewgporation with the opposite
occurring during condensation leading to a vapdasp enriched in isotopically light
water (Sharp, 2007). Under Rayleigh conditions emsdte is continuously removed
from the system so th& value of the remaining vapour becomes increasingbye
negative. This results in very large depletionshaf heavy isotopes in precipitation.
The reader is referred to Criss (1999) and Gat@R€dr a comprehensive account of
the Rayleigh fractionation model.

Meteoric waters display a near-linear relationdigpveen deuteriunfii) and
oxygen-18. Craig (1961) conducted accurate analgse®oth?H/*H and *#0/*°0
isotope ratios and as a result defined a globat¢oniet water line (GMWL) that can be

represented by the following equation:
5°H = 860 + 10 (3.13)
Dansgaard (1964) suggested that the GMWL couldepeesented in a more general
way using the following equation:
0°H = 86'%0 + d (3.14)
This equation shows that the gradient of the GMWinains constant at a value of 8

but the intercept, given byl*is now variable. The ternd’ was defined by Dansgaard

(1964) as the deuterium excess parameter, andia véll0 as stated by Craig (1961)
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represents modern waters very well. Deuterium exeegoverned primarily by the

kinetic effects of the evaporation process.

3.5.4. Fractionation in the hydrological cycle

Changes in the isotopic composition of watdfH( and 5'0) during the
hydrological cycle are caused by mass-dependertidration processes. Evaporation
from the oceans and subsequent movement of vaparland masses forms the
continental phase of the hydrological cycle wheecipitated water is recycled many
times through evapo-transpiration and can becomeedtin glaciers and deep
groundwater systems for long periods of time. Thentioental phase of the
hydrological cycle only accounts for about 10%. &inpercent is simply returned
directly to the oceans by return flux precipitati@at, 1996).

The continentality effect describes precipitatios laecoming isotopically
lighter as a given air mass containing water vagrawvels farther inland or from its
source because of the increasing number of pratignit events that have occurred as
described by the Rayleigh fractionation model. tale, altitude and seasonal effects
are all strongly linked to temperature because &atpre controls the amount of
water a given air mass can hold (Sharp, 2007). Beatpre decreases with increasing
latitude and altitude, leading to a decreas&'i® ands’H values. Seasonal changes
in ocean temperature also change the isotopic cemino of precipitation and air-sea
interaction conditions primarily affect the deuten excess value (Gat, 1996). The
isotopic composition of meteoric water is therefst@ngly correlated to temperature
(Dansgaard, 1964; Fricke and O’Neil, 1999) and ttu¢his correlation it has been

possible to us&*0 values to identify palaeo groundwater and growuatdwrecharged
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during the last glacial maximum (LGM) (eg. Fontgsal, 1991; Deak and Coplen,
1996; Vaikmaeet al, 2001). Vaikmaeet al (2001) identified periglacial or possibly
subglacial recharge of meltwater from the Fennadieenice sheet during the late
Devensian ice age in the Cambrian-Vendian systerstora using §*°0
measurements andC dating. Thes'®0 values of the glacial recharge were in the
range of -20 — -22%. and significantly lower thaattbf modern recharge which has a

5180 value of -11%o

3.5.5. Carbon isotopes

Carbon isotopes have many applications in hydraggol The radioactive
isotope; carbon-14 (half-life of 5730 years) is Mown as an archaeological dating
tool, and is also often used in hydrogeology teddtler groundwater in the range of
1,000 to 25,000 years (Plummer al, 1993). Stable isotopes of carbon incldt@
and *C, with abundances of 98.89% and 1.11% respectiwslgng et al, 1998).
Even though natural variations in the 13C/12C ratie small, they are sufficient to
detect various physical, chemical and biologicabcpsses. Typical analytical
precision for bullkd3C measurements is usually better than +0.15%«KGlad Fritz,
1997), and measurements are generally based qudtaction of carbon dioxide gas
— numerous preparation methods for producing carbmxide exist. For the
successful application of carbon isotopes as tsacegroundwater flow, rock-water
interactions along a given flow path must creatistinctive isotopic signature and
produce distinguishable changes in the hydrocheyréstd/or residence time. If these
interactions are favourable then carbon isotopadeaused to provide information on

the origin of carbonate alkalinity as well as gii@an indication of the relative
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importance of processes such as the oxidation gdric matter, silicate hydrolysis,
carbonate mineral dissolution and methanogenesiartbad solutes are not
conservative environmental tracers and thereforaust be noted that they do not
always accurately represent the movement of groatetw

Deineset al (1974) described carbonate evolution in groundwat terms of
open and closed system models. According to Degteal (1974) open system
evolution involves the reaction of carbonate mitevdth water that is in contact with
a gas phase of fixeBco,and continuous isotopic exchange exists betweerChe
reservoir and the solution, whereas in closed systeolution water is isolated from
the CQ reservoir before carbonate dissolution occurs. éi@m, in reality most
carbonate system evolution falls somewhere in betwibese two models. It is also
possible that during the course of groundwater wiant along a flow path from
recharge to discharge, carbonate dissolution witiuo under both sets of conditions
typically moving from open system to closed systmlution with increasing aquifer

confinement.

3.5.5.1 Atmospheric and soil CQ

The atmospheric concentration of carbon dioxideusrently 389.7 ppmv
(Tans and Keeling, 2010). Th&"*C of atmospheric carbon dioxide was -6.4%o
(Friedli et al, 1986) but has been steadily decreasing as 4t i@sthe increasing
global consumption and combustion of fossil fuetgl as now -7%. (Appelo and
Postma, 2005).

During infiltration of the soil zone, water equildies with soil C@ Soil CQ

concentrations are generally in the range &fta0l¢ ppmv Pco2~10° to 10%) due
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to bacterial oxidation of organic matter and Q@spiration in the root zone (Clark
and Fritz, 1997). The dissolution of €@n water produces carbonic acid with
subsequent dissociation reactions that producerldmoate and carbonate and
ultimately lower the pH value. The dissolution dDQs controlled by several factors
including temperature, initial pH value and i,

The dissolution of soil COand the subsequent' ind 2¢ dissociations of

carbonic acid are given by the following net reactequation:

CO,+H,0= H,CO,= H' + HCQ=2H + C&  (3.15)

It can generally be assumed that carbonate alkalsigiven by the concentration of
HCO; and CQ?, as other species do not contribute significatutlglkalinity.

The reader is referred to Clark and Fritz (1994 Wanget al (1998) for a
comprehensive overview of the principles and appilims of carbon isotopes in

groundwater.
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4. Methods
4.1. Field sampling

The Lower Rhine Embayment has an exceptionally highsity of

observation boreholes and piezometer nests (seeeHgl).
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Figure 4.1. High density distribution of observation borehokesl piezometer nests in the

Lower Rhine Embayment, Germany.
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4.1.1. Borehole selection
The Lower Rhine Embayment is an excellent and wniggion for studying

groundwater flow dynamics due to an exceptionalighhdensity of observation
boreholes and piezometer nests and enhanced graterdflow rates induced by
regional-scale groundwater abstraction from thaegd open cast lignite mines. With
such a vast number of observation boreholes avail@o groundwater monitoring
purposes and sample collection it was essentiabiti@holes were selected based on
a number of important criteria. Observation borebolvere selected at locations in
close proximity to faults, and where good histdritanitoring records detailing well
head parameters and hydrochemistry were availabled in locations that
demonstrated certain trends in temporal hydrawiadhvariations such as long-term
drawdown, rebound subsequent to drawdown and natseasonal/annual
fluctuations. Physical limitations of the pumpingug@ment used also restricted

borehole selection and generally only shallow aagsifvere sampled (< 100 m).

Figure 4.2. Erftverband custom built groundwater sampling vighimcluding

submersible pumps, petrol generator and wet labigrat
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Grundfos MP1 submersible pumps were provided byBteserband and used for
sampling. The maximum depth that the submersiblé lgimps could operate at was
approximately 80 m below the ground surface.

Groundwater sampling was conducted during three fresits to the Lower
Rhine Embayment, Germany that occurred during Gotd@907, April 2008 and
October 2008. The field sampling campaigns weny &ipported by the Erftverband
and facilitated using their purpose built samphedpicles (Figure 4.2), complete with
mobile wet laboratory, dippers, submersible pumpd petrol generators. The vast
majority of observation boreholes and piezometeigufe 4.3) were pumped using a
Grundfos MP1 submersible pump. Water level dippfited with an audible
electronic alarm were used to determine potentiomstirface before pumping, and

combined with filter depth records to determinextbkime of water in the borehole.

Figure4.3. A typical piezometer nest installed by the Erfbasrd and RWE Power AG.
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Each borehole/piezometer was pumped for a time tbptesented three
volumes of groundwater standing in the borehole. gatdl Eh were continually
monitored using a flow through cell until a steadgte had been reached before any

measurements were taken and/or groundwater sacyilested.
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4.1.2. Sample collection techniques
4.1.2.1.6°H and $*°0

Collecting groundwater samples f8fH and§*°0 analysis follows a simple
protocol. Samples were collected in the field usis® mL HDPE bottles. Once the
borehole had been pumped for a sufficient lengtliroé based on the volume of
groundwater within the borehole, raw unfiltered grdwater was used to rinse the
bottles and caps three times after which the 150HBDIPE bottles were completely
filled using raw unfiltered groundwater so that memad space remained and the cap

was tightened securely.

4.1.2.2.6"Cpic

Groundwater samples used 8fCpc analysis were collected 150 mL glass
bottles. Raw unfiltered groundwater was used teerithe bottles and caps three times.
The bottles were partially filled with raw groundweabefore the addition of a SkSl
NH,OH solution that had been prepared shortly befoeesampling campaign and
stored in an airtight 1 L vessel. The ratio of $+GIH,OH to groundwater was 1:9 as
described by Bishop (1990). The glass bottles wesded using NESCOFILM tape

and care was taken that no headspace remained.

4.1.2.3. Strontium isotopes

Groundwater samples collected for total strontiurd atrontium isotope ratio
analyses were collected in 30 mL HDPE bottles. Btitles were rinsed with filtered
groundwater three times before sample collectioaw Ryroundwater was filtered

using Minisar? 0.45um syringe filters and then acidified using 70% HNO® pH <2
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as described by Bullesi al. (1996). These samples were stored in a refrigeedt3-5

°C until analysis.

4.1.2.4. Dissolved noble gases

Groundwater samples for noble gas analyses welected using the copper
tube method as frequently described in the liteeateg. Weiss, 1968). The key points
to note about this method are that air bubbles rbaspurged or prevented from
forming inside the copper tube prior to clampingl dhat the stainless steel ‘pinch-
off clamps must be fully tightened so that the temh areas of the clamps meet
completely and no gaps remain. Clear PSttabing was used to facilitate visual
inspection of bubble formation within the connegtitubes near each end of the
copper sampling tube and near the ball valve §#tiand jubilee clips. A simple ball
valve was used to apply sufficient back pressurem&intain or exceed the original
level of hydrostatic pressure during sampling. Tdtainless steel clamps were
designed and manufactured so that when the hes hod fully tightened and the
clamp contact areas meet, a precisely engineeredua@ exists in the centre of the
clamp to form an excellent seal. It is impossildeover tighten these clamps except
for the possibility of shearing-off the bolt headowever, if insufficient torque is
applied then there is the possibility of a poor sea subsequent partial de-gassing of
the sample. A long handled wrench was used to ertabl bolts to be tightened with
sufficient torque.

The copper tubes and stainless steel clamps wéddrhéhe desired position
by a length of aluminium channel that had beenarnstiesigned and milled at the
UEA mechanical workshop and included locating hdlastwo clamps at a fixed

distance apart ensuring that the sample size vais/edy constant.
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Special care is required when transporting andrgidhe samples subsequent
to collection because the ends of the copper thbesme very susceptible to damage
once the clamps have been tightened. A purpose switage rack was used to
transport the samples in the field which providequate protection against tube

damage.

4.2. Analytical techniques
4.2.1. Field parameter data and hydrochemistry

All field parameter data and hydrochemistry inchglionic and trace element
analysis were conducted by the Erftverband tecangiin the field and at the
Erftverband laboratories in Bergheim, Germany usiagrange of analytical
instruments such as lon Chromatography and IndelgtiCoupled Plasma - Mass
Spectrometry (ICP-MS). The reader is referred todgk(2004) for a good overview

of analytical chemistry and the relevant technicamd instruments.

4.2.2. Stable isotope analysis
4.2.2.1. Oxygen Isotopes
e analysis was conducted using a modification ef @Q-H,O technique
based on the oxygen isotope equilibration of aguali of CQ with the groundwater
sample under closed conditions as first descrilyegstein and Mayeda (1953).
Glass reaction vessels were evacuated prior to lignoa of CGO, being

admitted. 2.4 mL of raw groundwater was then igddhto each reaction vessel. The
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vessels were gently agitated for six hours in oriier complete oxygen isotope
equilibration to be achieved. The €@ extracted and passed through a cold trap to
remove water vapour before being analysed usingiraga SIRA Il Isotope Ratio
Mass Spectrometer (IRMS). The UEA laboratory reieeestandard is North Sea
Water §'%0 = -0.20% VSMOW). The standard is incorporatedittie batch of
groundwater samples with a total of 48 water sampleing analysed per day. The

analytical precision fo8'°0 analysis is 0.04%c VSMOW (+3.

4.2.2.2. Hydrogen Isotopes

8%H analysis was conducted using the continuous femhnique where 0,IL
of raw groundwater sample was manually injectechgig 0.5uL syringe into a
stream of helium carrier gas. The QI groundwater sample is carried though an
oven where it is vaporised at 140 °C and then edaeith activated carbon at 1422 °C
which evolves H and CQ gas. Hydrogen is ionised in the source of a EuGg®
MS and the (PH+Hs)/H, ratio is measured using a special collector askemb
designed for the widely separated HH°H* ion beams. Norwich Tap Water (NTW)
was used as a standard for calibratiéftd(= -44.9 + 2%VSMOW). The analytical

precision is considerably lower thatfO at + 1.4%xVSMOW (+ &).

4.2.2.3.6"%Cpc sample preparation and analysis

In the laboratory, the strontium carbonate preatpi{SrCQ) that had formed
in the groundwater sample from the addition andssgbent reaction of Sr&d
NH4,OH in the field, was filtered using Whatman #1, @ &m filters under an
atmosphere of nitrogen and using a vacuum pump.SF&; precipitate was then

rinsed with polished deionised water for a furtiieree minutes. The filter papers
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containing the SrC@precipitate were quickly transferred to individiaéan Petri
dishes and placed in a vacuum oven to dry at /AdrP&@pproximately six hours. Once
dried, the strontium carbonate precipitate wasfuollyescraped off the filter paper
using a sharp blade and placed in small glass widls airtight caps and stored in a
vacuum desiccator until analysis. Approximately 4500 pg of the strontium
carbonate precipitate and 100-15§ Carrera Marble (UEA-CMSTC = 2.01 +
0.08 %o PDB) was used for analysis and calibratespectively.

The 8"*Cpic analysis was conducted using a Europa SIRA Il dhlat mass
spectrometer. The SrG@s reacted with phosphoric acid (k@) to produce carbon

dioxide (CQg). The analytical precision for this method is 3% VPDB.

4.2.2.4. Strontium sample preparation and analysis

Strontium isotope analyses were conducted by Hearideckermann and
Jurian Hoogewerff within the School of Chemistrytla¢ University of East Anglia
(UEA). 12-14 mL of the prepared groundwater sampés decanted into 15 mL
vessels to avoid contaminating the original sangid therefore preserving it for
future use. 1 mL of the sample was then mixed @ithL of an internal standard to
produce a tenfold dilution. The internal standavdsisted of 2% HN©@with 10 ppb
GeRhPt. The analysis was done using an IsoprobdigléulCollector Inductively
Coupled Plasma Mass Spectrometer (MC-ICP-MS) fitkéith an array of faraday
cups to measure an atomic mass range from 83 tdr&B8analytical precision for this

technique is 0.00007 (o3
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4.2.3. Dissolved noble gases
4.2.3.1. Quadrupole mass spectrometry

Quadrupole mass spectrometry provides a cost eféeanalytical technique
to determine noble gas abundances in groundwajeP@leet al., 1997; Kulongoski
and Hilton, 2002), whereas magnetic sector masstrgpeetry provides increased
resolution and enables the quantification of najae isotopes with very low natural
abundances such dde, *Ne and®Ar (eg. Beyerleet al., 2000). Quadrupole mass
spectrometers consist of four parallel circular ahebds (see Figure 4.5), an ion
source, ion optics for accelerating and focusdimagions through the aperture into the
guadrupole filter, an exit aperture, a faraday amm/or a secondary electron

multiplier (SEM) detector, and a high vacuum (HY¥t&m.

TO
DETECTOR
s 4

gquadrupole rods

exit slit

IONS (to detector)

resonant ion
(detected)

non-resonance ion
(not detected)

source slit

Figure 4.5. Schematic diagram of a typical quadrupole anal{ipeage produced by P.
Gates, University of Bristol).
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An opposing rod pair has an applied potential oU+\{cos(t)) and the
remaining two rods have an applied potential of+\{dos(t)). Where, U is a fixed
DC voltage and Vcosf) is an applied RF potential that has an amplitWdand
frequencyo.

For mass separation, quadrupole mass spectrometera high radio frequency
(RF) oscillating potential that affects the tra@gtof ions along the flight path that is
centred between the four parallel metal rods. Rgrgaven DC and AC voltage, only
ions with a particular mass:charge ratio (m/z) wdlss through the quadrupole filter
to the detector. Quadrupole mass analysers inajudim trajectories are discussed in
detail by Batey (1987). Quadrupole mass spectramete widely used because of
their robust performance, compact size and relgtil@v cost. Quadrupole mass
spectrometers also offer rapid measurements aighadiignamic range in comparison
to magnetic sector instruments.

Groundwater samples collected from the Lower RHimebayment during
2007/08 for this research were analysed for digsbhoble gases at the Stable Isotope
Laboratory, UEA using a purpose built high vacuureparation line and AN-5T
guadrupole mass analyser operated in static mote. idstrument used and the
principles of the analytical procedure have beescdeed in depth by Poole al.

(1997) and Ingram (2005).

4.2.3.2. Isotope dilution mass spectrometry

Isotope dilution mass spectrometry (IDMS) is basedthe principle that a
known quantity of a spike isotope is added to @m@e before analysis. The spike
isotope is usually a stable isotope with low ndtataindance, such asle, >Ne, *°Ar

or "®Kr in the case of noble gas analyses. The spikeps¢s) and sample are mixed
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and the isotope ratio R of the spike isotope amrdibst naturally abundant isotope in
the sample is measured using isotope ratio masgrepeetry (IRMS) typically for
example, with a quadrupole mass analyser as deschibSection 4.3.1. The isotope

dilution equation is expressed as:

N _ iNgpie (iAhspike _iRDA‘|SP‘ke)

. = 4.1
' sample ilesample _iAhsampIe ( )

Where: N = number of atoms
A = isotope abundance (%)

R = isotope ratio

Uncertainty in IDMS measurements arise from ermordetermining the spike
concentration accurately and from isotope fractiomaeffects in the source of the

mass spectrometer during analysis (Faure and Mgn205).

4.2.3.3. Calibration

It is essential to calibrate instrument responssample concentration. The
calibration process for the noble gas analysesuwiad during this research using the
high vacuum (HV) preparation line and quadrupolessnspectrometer described by
Poole et al. (1997) and Ingram (2005) involved calculating thracer spike
concentration by admitting an aliquot of the traspike with a known volume of
analyte (atmospheric air). The tracer spike comaénh will decrease with each

subsequent analysis because it is not possibleatotan a constant pressure within
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the tracer cylinder. Therefore, both the initi@lcer spike concentration and the tracer
depletion rate need to be calibrated.

The noble gas analysis system described by Raake (1997) was designed
to be calibrated using a simple atmospheric akespf known volume (0.2176 ¢én
which is collected in a small inlet valve attachedthe HV preparation line. The
atmospheric abundance of each noble gas is welkrand taken from the literature
(eg. Ozima and Podosek, 2002) and the temperaatmgspheric pressure and
relative humidity are recorded at the time the spiike was prepared. The tracer
volume depletion rate is simply calculated from thecer cylinder volume (309.5
cm®) and the tracer aliquot volume (0.855%mespectively, and can be assumed to be
constant at 0.002755.

This calibration procedure is quick and simple amtly requires one initial
determination and then re-calibration every 15-2éhgle analyses. However, the
calibration does not consider the linearity of tasponse of the mass spectrometer to
noble gas concentrations that vary by several erdemagnitude, which is observed
between the concentration of noble gases in thespike and the noble gas
concentrations present in a groundwater samples fbwever, appears to have a
negligible effect on the results obtained from prasg use of the instrument by Poole
et al. (1997). Ingram (2005) recognised that the desifythe standard calibration
technique made no attempt to check the linearithefMS response and that previous
use of the instrument had assumed that the respdrntbe MS was linear over the
range of concentrations measured. Ingram (2005gepts data that confirms the
linearity of the mass spectrometer over a smalbeanf ‘typical’ concentrations
reasonably well but the calibration does not extienthe high helium concentrations

that have been measured during this research. Wntdely, the current design of the
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instrument does not allow for the empirical calttwa of linearity to be determined
up to 3-4 orders of magnitude above atmosphericubddl equilibrium

concentrations for helium. Therefore, for the pggaf this study it has been
assumed that the response of the MS is linear twerrange of concentrations
measured. To support this assumption, groundwatempkes containing highHe

concentrations were analysed at both the Stabtegded_aboratory at UEA and at the
USGS Reston Laboratory, with the results compaviexy well and thus providing

additional confidence in the analytical procedure.

4.2.3.4. Experimental errors and propagation

Errors are incurred during sample analysis and ggafed through the
calculation process that is necessary to deterdissolved noble gas concentrations
in a groundwater sample. Standard error propagatiathematics was applied to

calculate the experimental uncertainty associatéuwoble gas concentrations.

Standard error propagation laws state that for samom or subtraction, the
square of the error in the sum or difference of twebers (A and B) is equal to the
sum of the squares of individual absolute erranesded for values A and B. This can

be expressed as:

(error{ A+B) *=(errof A-B) 2% errdr \\ 2@ errpr}B 2

error (A+B) =\/(error{A}) ZH errof B 2 (4.2)
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Where: A=value A
B = valueB
error{A} = absolute error of A
error{B} = absolute error of B

For multiplication or division, the relative erram a product or quotient is
equal to the square root of the sum of the squafethe relative errors in the
individual factors. Absolute errors are calculatyd multiplying both sides by the

denominator. This can be expressed as:

For relative errors:

A
(error{AE}j: error {B} :\/(errol( A jz+(errC{r B jz (4.3)

AB ( Aj A B
B

For absolute errors:

error{ AB :(AB)\/(GFI’OI'{A}J +(€I’I’OI{ B J (4.4)
A B
error {é}:(éj\/(eﬂor{ﬁ} jz{erro( B jz (4.5)
B B A B
Where: A= vaueA
B = value B

error{A} = absolute error of A
error{B} = absolute error of B
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4.2.3.5. Preparation of the tracer spike

The tracer spike was prepared in the Stable Isdteperatory at UEA using
the rare noble gas isotopes’bie, 2Ne, *°Ar, "®Kr and***Xe. These high purity gases
were sourced from CHEMGAS of Boulogne, France armdives adaptors were
manufactured by Chell Instruments in North Walshilorfolk, UK.

The tracer spike was prepared by taking the fiaee risotopes (of
approximately known concentrations) and expandiachegas into a glass vacuum
line. By using multiple expansions and calibratedumnes along with a sensitive
pressure gauge it was possible to calculate andtésthe desired concentration of
each gas within the vacuum line. The rare noble igatopes were isolated in
evacuated glass vessels attached to the vacuunaritiiehe final stage of the process
which involved mixing the five noble gas isotopegédther and expanding them into a
stainless still cylinder of known volume which wduhter be attached to the noble
gas preparation line and used to admit the trgu&e snto the noble gas preparation
line with the sample gases before analysis. Thatgyaf each gas was calculated so
that the abundance of the rare isotope would beoappately equal to the abundance
of the most naturally occurring isotope in a 5-@mpundwater sample size when

analysed using IRMS.

4.2.3.6. Noble gas analysis
A detailed account of the analytical procedure rigvgled by Pooleet al.
(1997) and comprehensive step-by-step instructwasyiven by Ingram (2005). The

following information provides additional contenhdhincludes recent operational
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modifications and improvements that have been madee analytical system during

this research.

4.2.3.7. Sample preparation

The only preparation that the groundwater sampt#ieated for noble gas
analysis required was the splitting of copper tubeshat a suitable sample size was
available for analysis. The sample size was caedldased on the capacity of the
sample inlet cup and the estimated quantity ofodiesl noble gases in a sample of a
given size. A sample size of 5-6 g of groundwatas wsed and the copper tubes were
split accordingly. This was done by tightening aididonal swage clamp 10 cm
inwards from one of the original clamps, and ano#uitional swage clamp 14 cm
inwards from the other recently attached clamp.e&the two additional clamps had
been fully tightened the copper tube was cut usingppper pipe cutter at the mid-
point between the two additional clamps. This postlboth a 5-6 g sample with 7
cm of copper tube on each end necessary for atig@hio the preparation line, and a
spare sample that could be divided into two morapes if duplicate or triplicate
analysis was required. Note that due to the redaitcompressibility of water only
three samples could be made from one original coagee sample as the volume

decreases slightly each time it is clamped.

4.2.3.8. Preparation Line and Quadrupole MS

Prior to attaching the sample inlet cup and copjpdre containing the
groundwater sample, and subsequent to each samalgsis, both cold traps were
baked at 500 °C for 60 minutes, and all componarntspf the preparation line (see

Figure 4.6) such as the argon trap, sample meteohgnes, getter pumps, air spike
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volume and tracer aliquot volume were pumped ugiegturbo molecular pump to a

vacuum of <1® mbar.
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Figure 4.6. Schematic of the noble gas preparation line (&figram, 2005).

To achieve optimal operating conditions a currdrapproximately 1.5 A was
applied continually to the preparation line anddjuaole heating tapes to warm the
stainless steel and minimise out-gassing from tle¢ahsurfaces during analyses. If
the preparation line or quadrupole MS were expdsedtie atmosphere as a result of
pump failure for example, it was necessary to iaseethe current applied to the
quadrupole heating tape for several days, untiftheion current intensity remained

stable during analysis and a errox@®s is achieved for argon isotope ratio analysis.
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Figure 4.7. Photograph of the noble gas preparation linetaa®XP Elite control system at
the Stable Isotope Laboratory, UEA.

4.2.3.9. Getter pump activation

The noble gas preparation line and quadrupole MSwa SAES GP50 Zr-Al
alloy getter pumps with St101 cartridges that needbe activated before the first
sample analysis and again after two or three sules#cpnalyses. However, it was
clear that getter pump activation was usually nesgsafter each analysis but this did
depend on the volume of dissolved gas in the saanpiiethe amount of water vapour
that entered the preparation line during sampleisglon. The getter pumps are used

to remove all reactive gas species from the santpldrogen is adsorbed reversibly
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and other active gases such as carbon monoxidercdioxide, oxygen and nitrogen
are adsorbed irreversibly onto the Zr-Al surfacethe cartridge. Water vapour and
hydrocarbons are adsorbed both reversibly and drsihbly (SAES Getter Pump
Manual). Activation of the getter pumps occurs 606 °C (3.5 A) for 45 minutes
under a vacuum of 10mbar achieved using the turbo pump. It was importan
isolate the quadrupole getter pump from the quamleupnass spectrometer before
initiating the activation process. After 45 minytdee temperature of the getter pumps
is reduced to 400 °C (2.25 A) and the quadrupoteeg@ump is isolated from the
turbo pump. The preparation line getter pump musb de isolated from the
preparation line at this stage. It is essentialtnotxpose the getter pumps to water
vapour or other reactive gas species once they leee activated; if that occurs, re-
activation is necessary. Further technical inforamt can be found at

http://www.saesgetters.com

4.2.3.10. Sample inlet cup attachment

Attaching the sample inlet cup correctly is essgrtid prevent the loss of
sample gases or the addition of gas from the athwyspas well as achieving a
sufficient vacuum. All valves must be closed inéhgdthe valve to the turbo pump
before attaching the sample inlet cup. Each tireestimple inlet cup is attached to the
preparation line, a new VCR copper or nickel gasketquired. Special attention is
needed to ensure that the sample inlet cup is tightg dry before attachment to the
preparation line. Access to the internal surfadat@inlet cup is particularly limited
and therefore oven drying at 80 °C for at leashteligurs is recommended. Note that

correct orientation of the inlet cup is essental $uccessfully attaching the sample
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later. Once the inlet cup has been attached tgrearation line, the stainless steel
blanking plug is inserted into the open end ofgsheple inlet cup. It is necessary to
apply a small amount of vacuum grease to the rubkemg and finger-tighten the

Cajon fitting. The turbo pump is isolated from tireparation line before opening the
valve between the inlet cup and preparation lin€, the roughing pump must be used
to evacuate the inlet cup. If the pressure remgieater than 1 mbar for more than a
few minutes, it is likely that the copper gaskes failed to produce an adequate seal
or a small quantity of water is present in the danmplet cup. Once a vacuum of <1

mbar has been achieved, the valve to the roughingppcan be closed and the valve
to the turbo pump opened. It is necessary to coatpumping the sample inlet cup

until a vacuum of 1®mbar has been reached.

4.2.3.11. Sample attachment

To correctly attach a copper tube containing a iggewater sample, the sample
inlet cup must first be isolated from the prepamatine. The stainless steel blanking
plug is replaced with a pre-weighed copper tubetanmg approximately 5 mL of
groundwater sample (see Section 4.3.6.1). The ugperp of the sample should fit
easily into the aluminium sample holder mountedwethe inlet cup (Figure 4.6). If
the inlet cup has not been aligned correctly diffcult to locate the upper clamp in
the aluminium sample holder and insert the copplee into the sample inlet cup via
the Cajon fitting. The aluminium sample holder mhstadjusted to ensure that the
correct height is achieved and it is secured usin§3 mm spanner to provide
additional support for the copper tube. Once timepda is secure, and the turbo pump

has been isolated from the preparation line, thepsainlet cup and upper end of the
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copper tube are evacuated using the roughing pumip auvacuum of <1 mbar is
achieved. The valve to the roughing pump can therlbsed and the valve to the
turbo pump is opened. It is very important to comé to pump the sample until a
vacuum of 10 mbar has been reached and that this level of vacoam be
maintained if the turbo pump is isolated. An ins®an pressure subsequent to the
turbo pump being isolated indicates degassing ®fséimple across the cooper tube

seal or an inadequate seal between sample anduget

4.2.3.12. Degassing the sample

Degassing the groundwater sample is a critical giattte analytical procedure
and great care is required to ensure that it isamarectly. The valve to the sample
inlet cup must be closed and the turbo pump shbaldolated from the preparation
line. The sample inlet cup is filled with ethanoldadry ice pellets. It is necessary to
introduce the dry ice pellets individually untiletethanol has cooled sufficiently and
sublimation has ceased. Ensuring that the samplse@irely mounted in the
aluminium holding device, the two 13 mm hex nuts tbé clamp are slowly
unscrewed using a ring spanner or long barrelledetowrench. Note: the nuts are
often very tight depending on storage time/condgiohowever, they must not be
loosened at any stage prior to this point as thisaempromise the seal and could
result in partial degassing of the sample. The plas completely removed and
retained for weighing. A modified clamp is usedr&form the copper tube. The
modified clamp is placed over the cold weld perpewdr to the position of the
original clamp and slowly tightened to open thel.s&@ae sample degasses at this

stage and the ethanol/dry ice mixture usually boier. It is not necessary to fully
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open the cold weld and doing so often results & ¢bpper tube splitting and the
sample being no longer useable. Any uncertaintgndigg the copper tube is easily
determined by monitoring the pressure as the samgple is admitted to the

preparation line. To ensure that the sample has hdly degassed, the copper tube is
heated with a hot air gun to a temperature sufiicte vaporise the sample. It was
noted that ice often formed where the cold weld Ibagh opened and inside the lower
section of the sample inlet cup. This preventedrémeaining part of the groundwater
sample from reaching the internal surface of tHetioup where it is intended to

freeze as a result of the dry ice pellets and ethamixture — these areas are given
particular attention with the heat gun. The cofdpée is heated for approximately 15
minutes in total until complete transfer of the wrdwater sample from the copper
tube to the inlet cup has occurred. The samplé ap requires refilling with dry ice

pellets and ethanol during the heating process.

4.2.3.13. Expanding the sample gas into the Prepadran Line

During the sample heating process, the valve tduh® pump is closed and
the valve to the tracer spike gas cylinder is odear&d the tracer gases are expanded
into the small tracer spike metering volume. Nésy important that the second valve
is closed to prevent the tracer gas mixture ergetiie preparation line. After two
minutes the valve to the tracer cylinder must besetl and the valve to the
preparation line is opened, expanding the aligdidtaczer gases into the preparation
line. After a further two minutes the valve is @dsand the tracer aliquot volume is
isolated from the preparation line — this will reduthe possibility of contaminating

the tracer gas mixture in the cylinder as the nmgevolume will only contain the
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tracer spike gases. Using the current tracer gaturei the pressure in the line will
increase to approximately 4xX®0mbar; but this will decrease with each subsequent
analysis according to the tracer depletion facibe valve to the sample inlet cup is
then opened and the sample gas is expanded infwéparation line. The pressure in
the line typically increases to approximately 1 mbat this depends on the quantity
of dissolved gas in the groundwater sample. Howev@ressure of >2 mbar indicates
that air has entered the system, usually duringctié weld opening and reforming
procedure. If a pressure of >2 mbar is observediadysis is abandoned.

The valve to the sample inlet cup must be openfif@ minutes and it is
essential to ensure that the inlet cup remainsafiifi dry ice pellets and ethanol — this
removes any remaining water vapour that might henviered the preparation line.
After 5 minutes the valve to the inlet cup is ckhsend the valve to the preparation
line getter pump is opened. The getter pump remadleseactive gases from the
sample. This is monitored by observing the Piranige and pressure decrease with
time. Depending on the operating condition of tle¢tey pump the duration of this
process ranges from thirty seconds to approximaeriyminutes. If the getter pump
fails to remove the reactive gases then re-actimas necessary and the run must be
abandoned although increasing the current to ttterggump and therefore increasing

the temperature has had positive results on socasmmns (see Section 4.3.6.3).

4.2.3.14. Partitioning the noble gases for analysis
At this stage of the analytical procedure, the grapon line only contains the
noble gases of helium, neon, argon, krypton ancdmxeiio facilitate accurate and

precise isotope ratio measurements, the gasesgmdsrogenic separation. Argon is
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significantly more abundant than the other noblsegaand it is therefore not
necessary to isolate it from the other gases ag wi# not interfere with the
measurements. The valve to the argon trap is optaetivo minutes to collect an
aliquot of gas for argon analysis later in the pohae. Ensuring that the valve to Cold
Trap 1 is closed, a dewar of ethanol/dry ice slagtlaced around the cold trap. Once
Cold Trap 1 has reached the desired temperatutefmocouple is used to check the
temperature) the valve to Cold Trap 1 is openeddnrminutes — krypton and xenon
are adsorbed onto the activated charcoal withinctite trap. A Pirani gauge is used
to monitor the progress of this process. Initiathye pressure decreases steadily and
then remains constant once all the krypton and xdmas been adsorbed onto the
activated charcoal. After ten minutes the valv€tdd Trap 1 is closed but the dewar
containing the ethanol/dry ice slush must remairthés is required later. Using a
second dewar, liquid nitrogen is placed around Ciodap 2 and then the valve is
opened for ten minutes to remove argon from theameimg gas mixture in the
preparation line. After ten minutes has elapsedvtiee to Cold Trap 2 is closed —
helium and neon are the only remaining gases ipteparation line at this stage and
the pressure in the preparation line is usually pedow the detection limit of the

Pirani gauge.

4.2.3.15. Noble gas analysis using the SXP Elitestgm.

Ingram (2005) describes in detail the systematac@dure for admitting the
noble gases from the preparation line to the quyadleumass spectrometer for isotope
ratio measurements. During this research it wasrdebted by a number of

investigative experiments that the system perforipetter if the quadrupole getter
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pump remained isolated from the quadrupole massrgpeeter during the analysis of
the noble gases. The SXP Elite settings are driticaaccurate noble gas isotope ratio
analysis and extensive testing was conducted duhisgresearch to determine the

optimal settings. These control settings are pteskein Appendix 2.

4.2.3.16. Air saturated water standards and solubity equations

To verify the overall analytical procedure, airwsated water (ASW) samples
were analysed at a range of different temperat@esn HDPE vessels (2.5 L) were
used to equilibrate water with the atmosphere. Whéer containers were stored at
known constant temperatures which were recordedeast twice daily and the
ambient atmospheric pressure was also monitoredrecorded over a 7-10 day
period. The water was continually aerated gently during ¢heilibration period to
facilitate gas exchange. Samples were collecteglass vessels and analysed in the

same way as the groundwater samples in copper.tubes

Table 4.1. Air saturated water equilibration temperature ghd

corresponding equilibration temperature determungdg NOBLE90.

ASW | NOBLE9ONGT | Error (+)
(°C)
3 2.5 8.4
3 0.2 5.3
13 9.1 8.8
13 9.9 9.1
15 14.7 0.5
15 16.3 1.1
21 20.1 2.1
21 9.5 5.0
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Figure 4.8. Cross plot of argon against neon for air saturateder (ASW) samples in

relation to atmospheric solubility equilibrium c@mtrations and the presence of excess air.

The ASW water samples equilibrated at 3, 13 and®Q@1Table 4.1) were

analysed before the quadrupole mass spectrometerop@rating optimally which

would explain the very poor accuracy and low piieciof these results. It should be

noted that all groundwater samples analysed duting period have not been

presented in this thesis due to large analyticalettainties. The quadrupole mass

spectrometer and preparation line were vigoroussyed and adjusted/tuned using air

spikes to ensure that the final set of results webeist and as accurate as possible.

All the data presented in this thesis were obtas@asequent to this point and that

also includes the ASW 15 °C samples which can ba seFigure 4.8 and in Table

4.1. The analytical precision of determining nolgjas isotope ratios using the
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quadrupole mass spectrometer is between 0.2 andbud®ccombined with the
propagated error associated with the calculatieasired for determining noble gas
concentrations in groundwater, the overall precis® 1.6% for helium, 1.4% for
neon, 1.2% for argon, 2.5% for krypton and 6.0% %enon. Replicate sample
analysis (Table 4.2) shows that modelled NGTs us\@BLESO have a larger
uncertainty than suggested from the isotope rat@surements and the additional
error propagation due to the calculations requifed determining noble gas

concentrations from the raw isotope ratios butadpcibility is generally good.

Table 4.2. Replicate groundwater samples modelled for NG TisgusiOBLE90.

1st 2nd
Observation Borehole 1D NGT [ Error NGT | Error
(°C)
Pulheim 111 (937491) 10.0 0.9 12.7 0.8
Myllendonk (907641) 13.6 0.8 10.7 0.8
SW Brihl 22 R1 (352721) 12.0 0.9 12.7 0.4

Noble gas solubility data and model equations wesed for the initial
graphical interpretation of the dissolved noble gesilts including the ASW samples
(Figure 4.8). The data in Table 4.3 and Table 4etewdetermined empirically by
Weiss (1970; 1971) and Benson and Krause (197p¢céisely, and has subsequently
been presented concisely by Ozima and Podosek Y2BGRation 4.6 and Equation

4.7 were used to determine the equilibrium soltybitelationships a6 = 0.
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Table 4.3. Solubility of gases in water and sea water forindequation 4.6.

Gas Aq Ao As B1 B, Bs
He -34.6261 | 43.0285 | 14.1391 | -0.042340| 0.022624| -0.0033120
Ne -39.1971| 51.8013 | 15.7699 | -0.124695| 0.078374| -0.0127972
Ar -55.6578 | 82.0262 | 22.5929 | -0.036267| 0.016241| -0.0020114
(Weiss, 1970; 1971)
2
Inﬁ:A+A2(¥j+A3In(%J+S{Bl+ BZ(%)} BS(%J } (4.6)

(Weiss, 1970)

Table 4.4. Solubility of gases in pure water for useBquation 4.7.

Gas

Ao Ay A
Kr 3.6326 5664.0 -1122400
Xe 2.0917 6693.5 -1341700

(Benson and Krause, 1976)

N S
Ink—A)+_|_ +_|_2

(4.7)

(Benson and Krause, 1976)

B =kx1244.14:

(4.8)

The Henry constark (atm) is related to the Bunsen coefficigricn? STP ¢

H,O atm?) by Equation 4.8 and both of these solubility paeters were used to

calculate the solubility equilibrium concentratiotat provided a simple graphical

interpretation (see Figure 4.8, Figure 5.10, Figbr#l and Figure 5.12) of the

measured noble gas concentrations in groundwaneplea collected from the Lower

Rhine Embayment.
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5. Results

5.1. Hydrochemistry

The chemical interactions that occur between graater and the solid
phases that make up the aquifer matrix create g larray of dissolved inorganic
chemical constituents in groundwater and most efsthlutes are present in ionic form
(Freeze and Cherry, 1979). However, the distinctofeemical composition of
groundwater is largely established in the unsaddratone, and the hydrochemical
evolution that occurs in the saturated zone follewseady progressive path towards
increasing aquifer confinement and/or discharger¢ty and Edmunds, 1999). The
unconsolidated siliciclastic sedimentary depositsthe Lower Rhine Embayment
consist of layered and mixed assemblages of mmehalt are likely to cause large
differences in hydrochemistry on both a local aedignal scale. Silicate aquifers
typically exhibit a wide range of hydrochemical itsc because of variations in
mineral content and the results of weathering reast(Appelo and Postma, 2005).

The hydrochemical analyses of groundwater sampuléscted from the Lower
Rhine Embayment during 2007/08 were kindly conduittg the Erftverband at their

laboratories in Bergheim, Germany.

5.1.1. Hydrochemical facies

The concept of hydrochemical facies was first idtreed by Chebotarev
(1955). A hydrochemical facies is defined as a gdwater type that has a specific
ionic composition set within well defined limits. ydrochemical facies are
particularly useful for identifying the hydrocheraievolution of groundwater as well

as for investigating the spatial variability of grmiwater chemistry in complex multi-
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component systems such as the Lower Rhine Embayidentever, it must be noted
that the use of hydrochemical facies does not yiefinitive information regarding
the geochemical processes that cause the obsdraadeas in hydrochemistry and that
groundwater residence times can only be inferre@ igualitative way. Table 5.1
shows a summary of major ion concentrations forugdovater samples collected
from observation boreholes within the Lower Rhimaldayment during 2007/08. The
complete data set for major ion concentrations dach groundwater sample is
included in Appendix &and the interpretation and discussion of the resan given
in Chapter 6.

The Durov diagram (Figure 5.1) was used to helmdefiydrochemical facies
based on major ion composition. Figure 5.1 indgalkat groundwater samples from
the Lower Rhine Embayment can be divided into twaugs based on the dominant
cation which is either G4 or N&. The dominant cation for the main cluster of
groundwater samples is €aand these sample points can be subdivided int® fi
hydrochemical facies based on ionic composition thed relative concentrations. A
small number of groundwater samples are dominayea ions and these can also
be subdivided into two separate groups. It canden drom Figure 5.1 that ionic
composition varies more for anions than it doescftions but although HGOand
SO dominate in a large number of groundwater samghese are a significant
number a samples that have no clear dominant aQibns the dominant anion in
groundwater that originated from just one obseoraborehole in the Bruhl region of

the Lower Rhine Embayment.
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Figure 5.1. The Durov plot provides a graphical representatibthe hydrochemical facies
present in the Lower Rhine Embayment, Germany.rifigrity of groundwaters are of a Ca-
HCGO; or Ca-HCQ-SO, hydrochemical type whilst a small number of sam@ee dominated
by Na-Cl and are easily distinguishable from thémnatuster of samples.
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The most frequently occurring groundwater type &HIG-SO,. It was
possible to define seven different hydrochemicaief using the AquaChéhB.7
software package and each hydrochemical faciebéas assigned a specific symbol
(see Figure 5.1). AquaChé&m3.7 determines groundwater type by converting
measured ionic concentration data from mta meq L and then transforming the
units to meqg %. All parameters with values of ldssn 10% are removed and the
remaining ions are used to define the groundwafes ind create a string name. The
ions are ordered by % with cations stated firstofeéd by anions. G4 is the
dominant cation for Groups 1-5 which includes &lthe points in the main cluster of
samples. These groups are primarily composed diC@; and Ca-HC@ SO, type
groundwaters, with just a small number of samplsplaying increased IV?Q, NOs
or Na. It is evident from Figure 5.1 that a small numibérgroundwater samples
show Nd as the dominant cation. These groundwaters incltide most
hydrochemically distinct groundwater type of Na{@I€03) as well as Na-Ca-HGO
type groundwater.

Figure 5.2 illustrates the spatial distributiorhgfirochemical facies within the
Lower Rhine Embayment, whereas Figure 5.3 and Eidu# display the spatial
distribution of N& and Cl respectively. Geographically, it is difficult tasdern clear
regional patterns perhaps with the exception ohdigNd concentrations near the
Viersen fault. However, a full interpretation andadission of the hydrochemical data

summarised in Table 5.1 and presented in full ipexmlix 3 is given in Chapter 6.
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Figure5.2. Spatial distribution of hydrochemical facies witlthe Lower Rhine Embayment.
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Figure5.3. Spatial distribution of Naconcentration within the Lower Rhine Embayment.
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5.2. Stable Isotopes

Naturally occurring stable isotopes are now frediyerused in many
hydrogeological investigations and they often fdire foundation of a multi-tracer
approach when it is necessary to determine theinoo§ groundwater, recharge
processes, flow paths and to identify palaeo grouaner (see Chapter 3). Stable
isotopes of hydrogerd{H), oxygen §'%0), carbon §°Cpic) and strontium®SrFesr)
have been analysed for the purpose of this researstipplement the hydrochemical
data described in Section 5.1 and to provide auititi evidence to support dissolved
noble gas data to form a multi-tracer approach.léf&®2 contains all stable isotope
data for groundwater samples that were analyseldwinlg the field sampling
campaigns that occurred during 2007/08. The amalyfrecision quoted for each
measurement is based on standard runs and it isnagsthat due to groundwater
samples having a very high degree of homogenehg, precision of sample
measurements is equal to that of the standard.aRapalysis of groundwater samples

to determine the precision of sample measuremessstiverefore not conducted.

5.2.1. Oxygen | sotopes

A large proportion of the observation boreholest thare sampled in the
Lower Rhine Embayment during 2007/08 provided gowater with a5*°0 value
between -7.1 and -7.7%o. The long-term annual aesi&@ value for precipitation in
the region of the Lower Rhine Embayment is -6 — -8&EA, 2006) which is
comparable to th&'®0 value of modern groundwater recharge. The vagrityaof
the groundwater samples that hav#0 values in the range of -7.1 — -7.7%o also plot
on or very close to the Global Meteoric Water L{@&VWL) as defined by Craig

(1961) confirming a modern meteoric origin (seeuFéys.5).
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Figure 5.5. Isotopic composition of groundwater samples from Lower Rhine Embayment
in relation to the Global Meteoric Water Line (GMWiefined by Craig (1961).

Interestingly, groundwater samples taken from olz@n boreholes in the

Bruhl region of the Lower Rhine Embayment yield tbasotopically depleted and
isotopically enriched*®0 values relative to modern recharge of meteoiigimmand

current 5*%0 values for local precipitation. The samples wigtatively low §*20

values range from -8.5 — -9.1%. and plot on the GMWtich suggests a meteoric
origin but perhaps under different climatic corws to those that prevail today in
this region. However, the samples that have bid® values in the range of -5.1 — -
6.4%o plot to the right hand side of the GMWL. Tkisggests a typical evaporation

trend from modern meteoric water to higfiO values and a change in the deuterium
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excess value. This isotopic signature was only domnone shallow piezometer and
the intermediate value of -6.4%. from the same olzem borehole but at slightly
greater depth is likely to be a result of simplesarvative mixing between the ‘end-
member’ evaporite and modern meteoric water. Thetmiausible origin of thé®0
enriched groundwater is percolation from a locatided gravel/sand pit that is in very
close proximity to the observation borehole. Thatigh extent of this particular
groundwater type is thought to be extremely loealiand dispersion appears minimal
suggesting recent recharge and/or a low hydrauéidignt; the latter being supported
by potentiometric surface data.

Figure 5.6shows the spatial distribution &f%0 values across the Lower
Rhine Embayment. It has been established from TaBleand Figure 5.5 that the vast
majority of the observation boreholes that were @athcontain modern recharge of
meteoric origin. It therefore follows that one wouxpect to see a fairly uniform
spatial distribution ofs*®0 values between -7.1 and -7.7%.. From Figure 5.8 it
evident that this is indeed the case. The area®t® are in the southeast near the
town of Brithl where botf?0 enriched (black circle) andO depleted (pink circle)
groundwaters are present and one additional ajaaed to the Viersen Fault and the
village of Korschenbroich (Borehole 28/907271) wehezlatively lows™®0 values (-
8.4%0) were also sampled and are given by the N&C@&; groundwater type (see

Figure 5.5). A full discussion of the oxygen isaagata is given in Chapter 6.

11z



E 6° 10’ E70 | 680 (%0) VSMOW

Venlo 02 4 8 Kilometers 92--94
N 510 20" b ) -91--84
® 33--76
® -75--74
@ -73--71
\ @® -70-64
Disseldorf
@ 63--51

Cologne

N 50° 50

Aachen

Legend

Fault
Euskirehe
— River W

Tributary /{

Lignite Mine
Urban Area
- River Rhine ij k/?\ ~
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5.2.2. Carbon | sotopes

Soil CG, has strong negative values typically in the range24 — -25%o
VPDB whereas marine carbonates havé*€pc value of 0% VPDB. It therefore
follows that the3**Cp,c value of dissolved carbonates will have an intefiate value
in hydrochemically evolved groundwater whereas latikely low §°Cpc value
indicates either very modern recharge or a limgadonate source within the aquifer
matrix. The concentration of GOn the soil zone is significantly higher than the
concentration of C®in the atmosphere due to bacterial oxidation glaaic matter
and CQ respiration in the root zone (Clark and Fritz, 799During infiltration
through the unsaturated zone, water equilibratés sdgil CQ which leads to modern
groundwater recharge having lowifCpc values than atmospheric GO

Table 5.2 contains the results of #eCpc analyses. The results show that
there is a wide range 6f3CD|C values within the sampled observation boreholes an
piezometer nests. Lo ’Cp,c values are typically observed to the west andhmeest
of the Garzweiler lignite mine with the lowest valof -30.44%. at borehole 908301
(Briiggen). Figure 5.7 illustrates tl&’Cpic spatial variability from the observation
boreholes sampled during 2007/08. From Figuretsa@n be seen that’Cp,c values
are higher (-13.5 — -20.8%o0) along the eastern flainthe abandoned lignite mines of
Fortuna, Bergheim, Frechen and Ville and this treswhtinues north towards
Moénchengladbach and is also evident adjacent t&/itesen fault and to the west of
the Kalk fault. Groundwater taken from shallow ped aquifers in close proximity
to the Hambach and Inden mines also contain groatehwvith a relatively high

61BCD|C signature in the range of -15 — -20%o.
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Relatively low5'*Cpc values are typically found in the region northwest
the Garzweiler lignite mine where the natural gehuater regime is less impacted by
mine de-watering than in other parts of the Lowbme Embayment. This indicates
that the shallow boreholes that were sampled is Hiea contain very modern
recharge and that the hydrochemical evolution efgtoundwater with respect to the
carbonate system is slow. Chapter 6 provides aile@tdiscussion of the carbon

isotope data and carbonate evolution.
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Figure5.7. The spatial distribution df**Cp,c values within the Lower Rhine Embayment.
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5.2.3. Strontium

Strontium is a soluble trace element (alkali eaftment) that is present in
groundwater at concentrations that range from 6.00 mg L (Freeze and Cheery,
1979). The naturally occurring isotopic compositi@instrontium in groundwater is
unaffected by the removal of &from groundwater through hydrochemical processes
such a cation exchange or mineral precipitationingak an ideal geochemical tracer
of solute provenance (eg. Neumann and Dreiss, 188Hen et al., 1996) and
groundwater mixing (eg. Lyorst al., 1995; Frost and Toner, 2004).

Figure 5.8 shows th&SrP°Sr ratio as a function of the reciprocal of thetot
SP* concentration. Strontium isotope mixing lines begw two end-member
groundwater types theoretically have a linear mhship on Figure 5.8 and
groundwater that results from such mixing wouldtphdong a strontium isotope
mixing line. It can be seen from Figure 5.8 tha thain group of samples display a
large range of’SrP®Sr values and the total strontium concentratiomyeas between
95 — 424 ppb. It is therefore difficult to identipptential mixing lines. The maximum
SP* concentration measured during the research wag pp@ which is significantly
higher than the other samples and occurred atojustlocation. This concentration
was recorded from borehole 28/907271 Korschenbneitich is in close proximity to
the Viersener fault and has deplet80 values as described in Section 5.2.1. The
two sample points that can be clearly distinguistieth the main cluster of samples
in Figure 5.8 have the lowest’Sconcentrations at 46 and 18 ppb &f®t/°Sr ratios
of 0.7099 and 0.7095 respectively. These two groater samples were collected
from observation boreholes close to the town of dh@mgladbach (observation
boreholes; Muhlrather Mi and WW. Niederkr. B6 respely) but from different

aquifer horizons.
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Figure5.8. Cross plot of'SrF°Sr against 1/3f.

Figure 5.9 displays the spatial distribution®8rf°Sr using a colour ramp to
illustrate the®’SrFPSr value. Although the data set is rather smai$ é@vident that the
points show a large degree of scattering in tha arest of Monchengladbach in the
relatively unperturbed multi-layered aquifer systerhe small number of
groundwater samples collected from the perchedashaquifers slightly north of the
Inden and Hambach open-cast lignite mines displagrs consistent’Srf°Sr ratio
suggesting similar recharge history and aquiféaoligy at this location. Due to the

data set being rather small and incomplete, amdfsigntly, not including the Brihl

area samples, the strontium results are not disdussther in Chapter 6.
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Figure5.9. Spatial distribution of’Srf®Sr ratios within the Lower Rhine Embayment.
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5.3. Noble Gases

All aspects of noble gas geochemistry relevanhi® tesearch including
the hydrogeological applications of dissolved nafpeses in groundwater have
been discussed in Chapter 3 and an interpretatdndescussion of the results

presented here are given in Chapter 6.

5.3.1. Graphical interpretation of the data

The dissolved noble gas concentrations of grounelwstmples collected
from the Lower Rhine Embayment during 2007/08 aes@nted in Table 5.3.
The data from Table 5.3 has been used to constioltie gas cross-plots of
argon against neon (Figure 5.10), krypton agaiesnn(Figure 5.11) and xenon
against neon (Figure 5.12) which provide a simplg Baluable graphical
interpretation of the data. The solubility equiitbn relationships were
determined using the solubility equations of W¢i70; 1971) and Benson and
Krause (1976) as described in Chapter 5. Imposaiicgtes based on solubility
equilibrium and excess air additions were used dailifate the initial
interpretation of NGTs and excess air concentratiassuming a constant

pressure of 1 atm and a salinity of zero.

It can be seen from Figure 5.10, Figure 5.11 arglifei 5.12 that all
groundwater samples plot within the theoreticalgeanf expected values based
on solubility equilibrium and that all of the sameplcontain at least a small
amount of excess air. Figure 5.11 and Figure 5dt& bhow slightly high mean
NGTs based on the known mean annual surface tetapefar the region (10.1
°C). Estimated recharge temperatures using thigshgral method are usually

based on a mean value taken for each noble gaaps=erith the exception of
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helium to give an overall recharge temperature liysuwath no weighting of the
more temperature sensitive heavier gases suclypmRirand xenon (eg. Stute
al., 1995). Figure 5.13 enables one to infer a NGthanrange of 9-13 °C for
most groundwater samples which is in better agreémih the annual average
surface temperature although precipitation recatdarly show that rainfall in
significantly higher during the warmer summer manivhich could explain the
higher than expected NGTs. Xenon is the most teatper sensitive noble gas
due to it having the largest atomic mass so isisally favoured for determining
NGTs. These noble gas cross-plots based on styubduations provide a good

first interpretation of the noble data but theyhdwe limitations.

6.0E-04
5.5E-04 - FEA
- oron A Ca-HCO3

- 0 Ca-HCO3-504

o 4.5E-04 -

: & Ca-Mg-NO3-504

L O Ca-504-(NO3)

(&)

§ + Ca-Na-(HCO3-504)

S 3.5E-04 -

5 A Na-Ca-HCO3
3.0E-04 - X Na-Cl-(HCO3)
2.5E-04 ~ Excess Air (cm> STP g?)
2.0E-04 w ‘ ‘ | |

1.6E-07 2.0E-07 2.4E-07 2.8E-07 3.2E-07 3.6E-07

Neon (cm?® STP g'l)

Figure5.10. Noble gas cross-plot of argon against neon wifoised graticules that

indicate excess air concentration and the NGT basexblubility equilibrium.
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Typically a more sophisticated and accurate ingtgtion of noble gas

concentrations is desirable. To facilitate thiteeely available non-linear, error

weighted least squares inversion of five model patars; temperature (T),

salinity (S), pressure (P), excess air (A), andtfoaation (F) is undertaken. The

least squares fitting is conducted using the MATLA8&utine NOBLE90

(Aeschbach-Hertiget al., 1999; Peeterst al., 2002). The results of the model

fitting using NOBLE9O are illustrated in Figure B.And calculate NGTs and

excess air concentrations using all the measurddengas concentrations

simultaneously, although not always using heliure ttw additional subsurface

sources. Chapter 6 provides a full discussion & ttoble gas data and

interpretation of NGTs and excess air concentration
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VA S A Ay
6.0E-08 ~ 0L — = 3002 0003 0004 0005 0.006
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Figure 5.11. Noble gas cross-plot of krypton against neon witlposed graticules

indicating the excess air concentration and the M&Sed on solubility equilibrium.
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Figure 5.12. Noble gas cross-plot of xenon against neon witlposed graticules

indicating the excess air concentration and the M&Sed on solubility equilibrium.
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5.3.2. NGTsand excessair modelled using NOBL E90

Figure 5.13 shows the modelled NGTs and excessoacentration that were
interpreted using the MATLAB routine NOBLE90 (Aeseth-Hertiget al., 1999;
Peeterst al., 2002). The theory related to NOBLE9O is discdsseChapter 3. The
main cluster of samples contain between 5 and 3¥€éss air and have calculated
recharge temperatures in the range of 10-16 °Caamgtan value of 12.5 +1.3 °C
which is 1.7 °C higher than the weighted mean answéace temperature of 10.8 °C.
It is possible to identify three samples that appedave a lower NGT but assuming
that only the Na-Ca-HC and Na-Cl-(HCQ) type groundwaters were recharged
under cooler climatic conditions the mean NGT 8 £1.7 °C and the Na-Cl- (HGD

groundwater has significantly higher excess a4 ANe.
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Figure 5.13. NOBLE90 modelled Noble Gas Temperatures plottednagaxcess
air reported adaNe (%)
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5.3.3. Radiogenic helium

Helium concentrations in most of the observatioreholes that were sampled
during 2007/08 were in the range expected due ltdsity equilibrium (3.50x108 -
6.01x1C% cn?® STP @' H,0). Helium was measured in groundwater samples §m
observation boreholes at concentrations that wegleeh than solubility equilibrium.
These concentrations ranged from slightly elevded4x10’ cm® STP @) to >3
orders of magnitude above atmospheric solubilityiléarium (1.691x10" cnm?® STP g
1. Four of the observation boreholes were situatete Briihl region, with the Briihl
9 piezometer containing groundwater with the highamcentrations of helium at
1.691x10* and 1.281x10 cn?® STP ¢ H,O from the multi-depth piezometer nest.

Chapter 6 provides an in-depth discussion andgreéation of these results.
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X

1.0E-04 - X
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&> 0 Ca-HC03-504
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X -Cl-
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| Atm, Solubility Equilibrium (10°C) _ —ASHRD— — — —
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-10 9 -8 7 6

5'°0 VSMOW (%o)

Figure 5.14. Cross-plot of helium concentration agaif¥i0. The dashed line indicates the

theoretical concentration of helium based on stitykequilibrium at 10 °C.
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6. Discussion

6.1. Hydrochemistry

The unconsolidated siliciclastic sedimentary deggosif the Lower Rhine
Embayment (LRE) consist of layered and mixed astmgeb of minerals derived
from a number of sources. Boenigk (2002) provideetailed account of the sources
and mineral compositions of the shallow Pleistoceediments and determined that
some of the assemblages have mineral compositiokind them to the Rhenish
Massif and the East Eifel volcanic field. More coomly observed silicate based
mineral deposits within the upper layers of the keoviRhine Embayment include
kyanite, staurolite, sillimanite, andalusite, grekarnblende, epidote and garnet.
These minerals are believed to have Tertiary maam#or fluvial origins from the
river Rhine (Boenigk, 2002). The work of Boenigld(2) was developed further by
Kemna (2008) to include a lithostratigraphical cgptcial model for the Pliocene
sediments that are overlain by the Pleistocene sitsporhe mixed mineralogical
assemblages are shown to vary significantly froohtibebed and this is likely to cause
large differences in hydrochemistry on both a l@sal regional scale. Indeed, Appelo
and Postma (2005) state that silicate aquifersnoehibit a wide range of
hydrochemical facies because no single mineral dates the weathering reactions.
The mineralogy of the main aquifer system that c&aw the Miocene and Oligocene
deposits is not well described in the literatur@ewdver, it is clear that the Lower
Rhine Embayment presents a very complex hydrocl#migstem and that silicate
weathering reactions are important processes tianhgly influence groundwater
hydrochemistry.

Silicate weathering reactions are controlled byboardioxide and organic
acids present in the soil zone. The organic acigs @oduced from bacterial

metabolism and root respiration within the unsaedaoil zone. These sources of soll
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water acidity control the release of ions via thesdlution of silicate minerals
(Herczeg and Edmunds, 2000). The following hydiislysactions in which carbonic
acid is consumed resulting in a change of pH erpla release and uptake of solutes

from silicate based minerals.

The weathering of silicate minerals to form clagd ailicic acid in solution:
2CO, + 2NaAlS,0,+1H 0 = Al .S O{OH),+ Na" + HCO, + H SO,

(6.1)

The weathering of cation enriched clays to formaratiepleted clays:
3Nao.33A| 2.339 3.6p 1((OH) st H™+11.H Q\:\ 3.A § Q 5OH )Zt" Na’ + H 30

(6.2)

The chemical reactions that involve silicate minem@tcur at a much slower
rate than those that involve carbonate minerals anedsometimes irreversible as
opposed to carbonates that can readily dissolve rangtecipitate (Herczeg and
Edmunds, 2000). The primary source of silica in gowater originates from
chemical reactions including and similar to thossatibed by Equation 6.1 and
Equation 6.2, rather than originating from quartztanal present in the aquifer
system.

To develop an accurate and detailed interpretatibinyorochemical data
taken from such a complex system that consistaydred and mixed assemblages
such as the Lower Rhine Embayment, it would be nacgs$s consider the ‘order of
encounter’ as described by Freeze and Cherry (19718 ‘order of encounter’
involves establishing the order in which minerate ancountered as groundwater

moves from recharge areas along defined flow pdths.order in which groundwater

137



encounters aquifer strata of different mineralogicmposition significantly
influences the hydrochemistry, and the chemical pmsiiion of groundwater
continually evolves from the imposition of new, mialogically controlled
thermodynamic constraints (Freeze and Cherry, 19&Bhough equilibrium with
mineral phases can be reached on a local scaleeviheraquifer media is relatively
homogeneous and flow rates are low, in most arééseoLower Rhine Embayment
discontinuous and layered heterogeneity are pratmmiiand groundwater flow is
significantly enhanced due to lignite mine de-waigr These features almost
certainly cause disequilibrium to develop in moases leading to complex spatial
patterns in hydrochemistry. A typical hydrochemistidy applying the ‘order of
encounter’ approach essentially requires detailedwkedge of the mineralogy,
lithology, stratigraphy and hydraulic head disttibn. Considering the complex
nature of the hydrogeological system in the Lowdrine Embayment, such an
approach would be both beyond the scope of thisigtend would deviate away from
achieving the research aims and objectives sendtihapter 1.

The hydrochemical data collected during this stualy been used to establish
hydrochemical trends on a regional scale and teritify the key hydrochemical
processes and reactions that provide an insightregional flow mechanisms, as well
as to provide additional evidence and strengthenctinceptual model that is based
primarily on stable isotope data and dissolved @oghs concentrations. The
discussion of Lower Rhine Embayment hydrochemisiigt follows describes the
important processes and reactions that are essémtianderstanding groundwater

dynamics on both a local and regional scale.
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6.1.1. Sodium and chloride

Sodium (N&) and chloride (C) ions are ubiquitous in groundwater. The

chloride anion is highly soluble, highly mobile at& generally not involved in

geochemical reactions within the aquifer. The dbkion does not participate in any

important subsurface redox reactions and does asityeadsorb onto clay minerals

(Clark and Fritz, 1997). It is therefore an accarassumption that chloride acts as a

conservative tracer and follows the flow path otevanolecules. Sodium cations tend

to be more reactive and move less readily throhghydrological cycle, and the flow

rate of sodium in groundwater largely depends enctition exchange capacity (CEC)

of the aquifer. A simple cross plot of sodium agaichloride (Figure 6.1) with a 1:1

molar ratio halite dissolution line is useful totaddish whether Naenrichment or

depletion is dominant.
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Figure 6.1. A simple cross plot of sodium against chloride d@ata for groundwater samples

collected during 2007/08 from the Lower Rhine Enmhamt. The 1:1 molar ratio halite

dissolution line describes mixing between groundwaamples that plot close to the line and

illustrates processes such as cation exchangedandwater samples that plot above the line.




Sodium enrichment can indicate the occurrence tbrcaxchange reactions
that often become significant during the hydroclehievolution of groundwater.
Chloride enrichment in sedimentary basins usudailgimates from trapped seawater,
connate fluids and/or evaporite formations (Lawastral., 2005; Clark and Fritz,
1997) although these sources would not typicaladl#go an enrichment of chloride
relative to sodium. Anthropogenic sources of cldersuch as the wet deposition of
the acid gas HCI from lignite fuelled power statiemissions can have a small
enrichment effect in this region but reverse ionh@nge reactions leading to sodium
depletion are the most likely cause. However, ipassible that sodium depleted
groundwater such as the Ca-HES®O, hydrochemical facies, is simply the result of
low Na" concentrations within the aquifer matrix rathearthreverse ion exchange
reactions.

Figure 6.1 shows that only a small number of sampkeve enriched sodium
concentrations relative to chloride, suggesting tiadion exchange reactions are not a
common feature of the shallow aquifer systems whitbws the standard model that
cation exchange is typically a feature of groundwadt depth and with a well
developed level of hydrochemical evolution (Chebmta 1955). Cation exchange
reactions mainly involve colloidal (T8-10° mm) particles because they have a high
electrical charge to surface area ratio. Colloglaéd clay particles such as alumino-
silicate minerals (AlSiOs) are common in the shallow Pleistocene depositeiiRk,
2002) and could form important ion exchange sitéswever, the modern shallow
groundwater samples show little evidence to sugdest such reactions are of
significance in the upper aquifer layers of the keowhine Embayment.

From Figure 6.1 the Na-Ca-HGOhydrochemical facies displays a definite

trend of N& enrichment. These groundwater samples were calléaien observation

140



borehole 907271 in the Korschenbroich area of thedtdRhine Embayment, and the
mean Cl concentration of the two samples is 0.95 mM. The-QdaHCQ
groundwater type sampled from observation boreB6IE71 is believed to originate
from greater depth within the aquifer system whigkuld explain the Naenrichment
as a result of cation exchange reactions underasing confinement and long
residence time. The transport mechanisms responsislethe upward flow of
groundwater from depth in this area are relatedht Viersen Fault. The stable
isotope and noble gas data associated with the aNBKOO; type groundwater are
discussed in Section 6.2 and Section 6.3 respégtive

Figure 6.1 also shows a Na-Cl-(Hg)Qlominated hydrochemical facies. The
concentrations of helium in the Na-Cl-(Hg)Qype groundwater samples are very
high suggesting a long residence times. Deep @aiticig groundwaters with long
residence times are often reported to have highitsalSuch increases in salinity over
time can result from an addition of NaCl from evago formations, weathering
reactions or from seawater intrusion (in coasteha), formation brines or connate
waters. The precise mechanism of salinisation isnoftifficult to identify with any
degree of certainty and this is certainly the cagk the Na-Cl-(HCQ) groundwater
sampled from observation boreholes in the Bruhlioregof the Lower Rhine
Embayment. However, NaCl salinity is characterisfi@ marine influence or a deep

aquifer system that contains remnant seawaterK@laa Fritz, 1997).

6.1.2. Hydrochemical facies

Durov diagrams are very useful for establishing detining hydrochemical
facies and determining the hydrochemical evolubbgroundwater and indentifying
processes such as cation exchange. The hydrocHdatess illustrated in Figure 6.2

were defined using AquaChénand are described in Chapter 5. The key feature of
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the data plotted in Figure 6.2 is the ionic compasiof the Na-Ca-HC@and Na-Cl-
(HCGOs) groundwater types relative to the main clustesarhples. The Na-Ca-HGO
groundwater type occupies a region of the terndoy ghat is often associated with
cation exchange reactions whereas the Na-Cl-(()iIC@roundwater type is
characteristic of a palaeo groundwater. Stableopotdata and dissolved helium
concentrations discussed in Section 6.2 and Se6t®mespectively suggest that the
Na-Cl-(HCG;) groundwater type represents a distinct end megioemdwater.

The main cluster of groundwater samples in Figued@play a wide range of
hydrochemical facies, characteristic of silicatelifgys in which no single mineral
dominates the weathering reactions (Appelo andnRas005). It is difficult to
identify an evolutionary trend in hydrochemistry chase of the large spatial
distribution of the sampled observation boreholed ghe complex nature of the
layered aquifer system. Groundwater samples wepiedly collected from several
different aquifers units in any given area and frajacent aquifers that are
effectively isolated by low permeability fault zaneand/or the juxtaposition of
contrasting lithology. However, it is suggested tie Ca-Mg-NQ@-SO, and Ca-S@
(NO3) hydrochemical facies represent the most receshthgdrochemically immature
groundwater recharge because of the dominant isascated with anthropogenic

inputs and soil zone processes.

14z



L 320
A Ca-HCO3 B
© Ca-HC03-S04 o0
* Ca-Mg-NO3-304 B e 5 el 40
0 Ca-S04-(NO3) lb K or ¥ ‘:
) » P
+ Ca-Na-(HCO3-504) E'Gg- O¥
A Na-Ca-HCO3 T e e S
* Na-Cl-(HCO3) N 00 N
K ~ ); “ ("
20 \““Oﬁ i?“‘:l:.“*-‘“-“...‘;: -------- m
wak P S S Fg ke o
HCOs; /a =/ o X %S )
Na* /& % e Cl
80 : : i TN
X : : (¥
60 POTX, 1 X Palaeo groyndwater|
40 P ! ; : :
20 i *v.. Cptigrr éxchange ! : E 5
i ractiong B fe---- L demeoanas beeeenaes s
Mg?* B - ; : N ;
P N ; ! ; :
a0 Gt ' : g peeasssas
Vet E E
60 : :
S _AERC. |, ameRRESEY DT Vo
i

Figure 6.2. Durov diagram displaying the major ion compositioihgroundwater samples
collected during 2007/08 from the Lower Rhine Embawpt, Germany. The Durov plot clearly
identifies dominant ions and processes such a®rcaitkchange as well as graphically

illustrates small differences in hydrochemistry.

6.1.3. Redox reactions
The redox potential expressed as Eh tends to fobowatural evolution
towards lower values with increased residence timgally, precipitation has a high

redox potential due to the influence of atmospherkygen and specifically the
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relatively high concentration of dissolved oxygeegent. Typically, precipitation at
pH 7 will have an Eh of 750 mV (Freeze and Cher§79). However, the redox
potential quickly decreases within the soil zone thuthe oxidation of organic matter
which can potentially remove a large proportionttté dissolved oxygen, but this is

largely dependent on the quantity of organic maitesent in the soil zone.
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Figure 6.3. Electrochemical evolution of groundwater describedecline in redox potential
with increasing aquifer confinement. The most réggoundwater recharge is identified by a
hydrochemical facies that contain Mgnd NQ as dominant ions. These groundwater types

generally show the lowest pH values and highesix@atentials, as expected.

The hydrochemical data in Table 5.4 suggests tluixreeactions are only of
significance in one area of the Lower Rhine Embayrtteaitthas been sampled during
this research. Nitrate and ammonium concentratioriee Briihl region suggest that
the Na-CI-(HCQ) type groundwater found in observation boreholghB® (958061,

957062 and 958063), Fischenich (957824) and BriMlZ2 R1 (352722) creates a
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reducing environment. The Na-Cl-(H@Qroundwater present in the deepest Briihl 9
piezometer (958063) contains nitrate and ammonioth bt concentrations that are
below the analytical detection limit of 0.05 an@ eng L respectively. The two other
piezometers at the Brihl 9 location (958062 andd0843 are at shallower depths and
show elevated ammonium concentrations of 2.95 af@d thg L* but nitrate levels
remain below the limit of detection. This suggedtattthe Na-CI-(HC@) type
groundwater is mixing with modern recharge of mateoorigin (which is
characterised as having nitrate concentrationsdrrange of ~90 mg1) in the upper
layers of this aquifer and the process of dissimiianitrate reduction to ammonium
(DNRA) can be inferred to account for the high ammm concentrations. Smith and
Duff (1988) suggest that nitrate reduction in cardonited aquifers favours the
process of denitrification over DNRA implying thiliere must be a source of organic
carbon in the shallow aquifer.

The piezometer nest at Fischenich (957822, 9578839&i824) displays an
interesting vertical nitrate gradient with the hégh concentration (92.1 mgY). at
shallow depth (957822) suggesting modern rechangedacreasing with depth until
the nitrate concentration falls below the limit détection at the greatest depth
sampled at this location (76 m; 957824). The remagitwo observation boreholes in
this locality also provide insight into the souarad subsequent mixing of the Na-ClI-
(HCOs) groundwater as these boreholes have been idggh@f containing both Na-
CI-(HCG;) and Ca-HC®@ SO, groundwater types. The borehole at Briihl SW 22 R1
(352722) contains the Na-Cl-(HGOgroundwater type and shows an elevated;NH
concentration but a very low NOconcentration, whereas the shallow piezometer
within the same nest contains Ca-Na-(HESD,) type groundwater that has a
relatively high nitrate concentration of 55.3 mg &nd low NH* concentration. This

suggests that a degree of mixing is occurring &adl dissimilatory nitrate reduction

14¢



to ammonium is evident as the nitrate concentraigoless than expected from the
surrounding areas that are known to contain mogeyandwater (Schenk, 1982). The
Brahl 1 observation borehole also contains two bghlemical facies and a range of

ammonium and nitrate concentrations.

6.1.4. Carbonate system evolution

Carbonate minerals such as calcite dissolve in rgteater due to the
dissolution of CQ in water to form HCO; and the subsequent two-step dissociation
of H,CO; described by Equation 6.3, Equation 6.4 and Equd&ibnas well as from
the production of organic acids from root respoatand bacterial metabolism in the
soil zone (Herczeg and Edmunds, 2000). The readefasred to Appelo and Postma
(2005) for a detailed account of the processes ledb in carbonate mineral

dissolution.

CO,, +H,0=H,CO, (6.3)
H,CO, = H* +HCO; (6.4)
HCO; = H* +COZ (6.5)

Deineset al. (1974) described carbonate evolution in groundwat terms of
open and closed system models. According to Deebed. (1974) open system
evolution involves the reaction of carbonate mitsevath water that is in contact with
a gas phase of fixeBcoz and continuous isotopic exchange exists betweerCthe
reservoir and the solution, whereas in closed sys&eolution water is isolated from
the CQ reservoir before carbonate dissolution occurs. &i@s, in reality most

carbonate system evolution falls somewhere in betwbese two models. It is also
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possible that during the course of groundwater wian along a flow path from
recharge area to discharge zone, carbonate dissolill occur under both sets of
conditions typically moving from open system to sgd system evolution with
increasing aquifer confinement (Deiretsl., 1974).

The first observation to note from Figure 6.4 ist e Pco, values calculated
using PHREEQC for groundwater samples collected fatinobservation boreholes
are above thePco, value of atmospheric air (£¢ atm). This suggests that the
groundwater present in the sampled aquifers atlaiagcess C@ relative to
atmospheric equilibrium solubility during infiltian through the soil zones where
Pcoz values are typically higher than atmospheric levéll can also be seen from
Figure 6.4 that a large number of samples haveresmthed calcite saturation. The
most recent recharge indicated by higher concénnsibf M¢f* and NQ such as the
Ca-Mg-NG-SO, and Ca-S@NO; groundwater types are immature with respect to
carbonate evolution suggesting either very recenharge or more likely that the
aquifer is carbonate limited and carbonate evatutioa slow process. Considering
that the upper aquifer system primarily consistssii€ate based material it is not
particularly unusual that calcite saturation ha$ been reached in aquifers that

contain the most recent recharge.
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Figure 6.4. Open and closed system models of carbonate systeintion (after Deinest
al., 1974).

The pH values of the groundwater samples are bet&vgleand 7.8 suggesting
that dissolved inorganic carbon exists primarilyH80;. The groundwater samples
defined as having a Na-Cl-(HGDhydrochemical facies appear to have evolved
under the highesPco, conditions and therefore also have the highest HCO
concentrations of up to 1312 mg'LThe Na-CI-(HCQ) groundwater type clearly
evolved under different conditions to the otherugrdwater samples. From Figure 6.4
it is difficult to determine whether carbonate extan occurred under open or closed
conditions however, it is likely that excess £@ these samples did not originate
from the soil zone during recharge but was gendraiéhin the subsurface or deeper
in the crust. According to Vrolijlet al. (2005) the most likely processes that generate
CO; in the crust are mantle or magmatic emanationgtadiation of organic matter,

diagenetic reactions involving clay and carbonatks and/or thermal de-carbonation
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of carbonate rocks by metamorphic processes. Thet exgin of the Na-Cl-(HCg)

groundwater

is unknown but stable

isotope data alsbolved noble gas

concentrations suggest a deep basinal origin whigduld explain the high

concentrations of dissolved GO
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Figure 6.5. Carbonate evolution indicated by HE@nda"C.

The §Cp\c of groundwater evolves to less negative valuesndunieathering

reactions within the aquifer. The evolution is cotied by aquifer composition (eg.

silicate or carbonate) and whether evolution ocaunder open or closed system

conditions as described by Deirstsal. (1974). In silicate dominated systems such as

the shallow sand aquifers of the Lower Rhine Embaynukssolved inorganic carbon

typically does not evolve much further than thdiahiconditions established in the

soil zone. However, in areas with carbonate mdtpresent, the dissolution of calcite
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and dolomite provide an additional source'?® enriched carbon that can have a
large effect ond"*Cpic values (Clark and Fritz, 1997). Figure 6.5 shows th
distribution ofs'*Cp,c values for a number of groundwater samples coliefitam the
Lower Rhine Embayment. It is important to note thafortunately groundwater
samples collected from the Briihl region were natlysed ford**Cp,c because the
field sampling technique fdr*Cp,c analysis described by Bishop (1990) and stated in
Chapter 4 was not available during the samplingpaagn that included the Bruhl
region. The hydrochemistry and stable isotope diftd &nd5'®0 values) indicates
that all the groundwater samples presented in Eiglr5 represent modern
groundwater of meteoric origin with just one exdept— the Na-Ca-HC®
groundwater type. The Ca-Mg-NGO, and Ca-S@(NOs) dominated groundwater
types display the lowes$t*Cpc values suggesting a short residence time. Relgtivel
low §*3Cpc values are characteristic of soil zone conditioms groundwater tends to
evolve towards more positi\féBCD|C values with the dissolution of calcite, dolomite
and silicate minerals. The Ca-Hg@nd Na-Ca-HC@dominated groundwater types
shown in Figure 6.5 have more positi#&Cp,c values and therefore are likely to
represent the most hydrochemically evolved grounemwa Groundwater in
equilibrium with calcite and evolved under closazhditions generally maintains a
stable isotopic composition within the aquifer medi althoughd'3C values often
become slightly more positive with increased resodetime even when equilibrium
with calcite has been reached — perhaps due tesaofoC4" from solution (Clark and
Fritz, 1997). This could explain why the Na-Ca-H{gpoundwater samples have the
highests**Cp,c values of -13.4 and -13.8%. (see Figure 6.5). Eigu# shows that the
Na-Ca-HCQ groundwater has reached calcite saturationateddata (presented in
Section 6.3.1) suggests a significantly longerdesce time than modern recharge.

The Ca-HCQ dominated groundwater samples are all in equilibrivith calcite and
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originate to the east and southeast of Ménchengladipossibly suggesting that this
region is not carbonate limited or that the restgetime of groundwater in this region
is longer than it is in areas to the west and meeg8t of Mdnchengladbach. The
aquifer systems of the Lower Rhine Embayment commistarily of silicate based

sands and gravels. The weathering of silicate mimésa slow process in comparison

to carbonate systems but forms an important sinkCfo,.

Figure 6.6 shows that the Na-Cl-(HgO groundwater has evolved
hydrochemically in a hydrogeological setting thatsignificantly different to the
shallow layered aquifer system of the LRE that csimsiprimarily of modern
groundwater of meteoric origin. An interesting atvsg¢ion illustrated by Figure 6.6 is
that the Na-Cl-(HC@) type groundwater and the Na-Ca-HC@pe groundwater
appear to plot on a mixing line even though the ®aHCGQ groundwater is not
present in the same location as the Na-Cl-(HC@oundwater. However, stable
isotope data and dissolved noble gas concentratinggest that the Na-Ca-HGgO
dominated groundwater could be linked to the NgH8T:O3) dominated groundwater
because of similar depleted®0 values andHe concentrations that exceed those
expected due to atmospheric solubility equilibritdydrochemical data support this
hypothesis and provides evidence that the Na-ClcfgJ@ype groundwater could be
widely distributed at depth within the deep basensgstem but is only observed at
shallow depth in areas of deep faulting and intdigggte mine de-watering. It is
perhaps possible that small point-source-like eriams of “He enriched, Na-Cl-
(HCO;) dominated palaeo groundwater occur in such atie@sighout the Lower

Rhine Embayment.
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Figure 6.6. A simple cross plot of HCOQ+ SQ? against C# illustrates mixing between
samples that plot close to the 1:1 ratio line. Bsges such as sulphate reduction would cause

deviations from the 1:1 ratio mixing line.

Figure 6.6 shows that the Na-Cl-(Hg)@Qlominated groundwater has evolved
under conditions that have led to low*Caut relatively high HC@ concentrations.
For groundwater to follow this evolutionary pathwbuld be necessary for a high
production rate of Hions in the subsurface. It is possible that a ragisim such as
the oxidation of pyrite (Fe$could provide the source of thé kbns but it is perhaps
more likely that the source of'Hons originates from the production of €@ the
subsurface. In the Lower Rhine Embayment the coatifia (diagenesis) of lignite is
a possible source of G@vhich would in turn generate the necessary conagon of
H* ions to account for the observed trend of low'Gand high HC@ displayed by
the Na-CIl-(HCQ) groundwater. The chemical reaction involving thagenesis of

lignite that produces CQs given by the following equation:
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n 1
C,H,O - ECOZ(Q)+ECHHZH+2 (6.6)

Under anaerobic groundwater conditions, the oxiatf organic matter is
achieved via S@ reduction. Groundwater in which dissolved L£®as been
generated by sulphate reduction usually exhibitsvasulphate concentration.

The Na-Cl-(HCQ) dominated groundwater is clearly an old, mineedi and
highly evolved groundwater that has a high coneioin of dissolved C@that
originates from one or more of the processes dsszlipreviously, and this would
account for the hydrochemical trends that the N4HTOs;) type groundwater

displays.

6.2. Stable Isotopes
6.2.1. Hydrogen and Oxygen

The principal stable isotopes of hydrogen and ory(éH and '°0) have
been used extensively in hydrogeological studigs Rozanski, 1985; Zubett al.,
2004; Von Rohderet al., 2010). These isotopes of the water molecule igeov
evidence for determining the origin of groundwatkre to a variation in isotopic
composition that occurs as a result of isotopictfomation processes. The reader is
referred to Chapter 3 and Gat (1996; 2010) forraprehensive overview.

Stable isotopesstH and 5'%0) have been successfully applied to infer the
presence of palaeo groundwater in many aquifeesysteg. Rozanski, 1985; Fontes
et al., 1991; Dedk and Coplen, 1996; Vaikméeal., 2001) due to the lower

evaporation rates and increased recharge ratesotttatr under cooler climatic
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conditions (Gat, 2010). However, when considerirmugdwater recharge during the
last glacial maximum (LGM) it is important to nafeat changes in vegetation cover
probably had a large influence on recharge rated,that precipitation is typically
lower during glacial periods (Coplehal., 2000).

The term ‘palaeo groundwater’ is used in the litema to generally refer to
groundwater that displays a depleted isotopic s$igeasuggesting groundwater
recharge occurred under cooler climatic conditiassially during the late Pleistocene
epoch. However, many deep aquifer systems contaichnolder groundwater that
probably originated as connate waters of maringioror as formation brines and
these are also referred to as palaeo groundwatéhe iliterature (Copleet al., 2000).
Modern groundwater recharge of Holocene age isllystategorised as either pre- or
post industrial, but they often display a similaotopic signature. Distinguishing
between pre- and post industrial recharge is usehén interpreting groundwater
hydrochemistry due to the occurrence of industiia agricultural pollution over the
last ~200 years and the resultant changes in higdrical composition.

The stable isotope data presentedrigure 6.7 shows that the majority of the
observation boreholes sampled within the Lower BRHimbayment during 2007/08
contain modern groundwater recharge of meteorgirariThe main cluster of sample
points in Figure 6.7 exhibit a wide range of hydremical compositions (see Figure
6.2) but display a limited range &H and3*?0 values suggesting modern recharge of
Holocene age. The isotopic signatures of the graaiel samples collected from the
shallow aquifers of the Lower Rhine Embayment draracteristic of present day
precipitation in this region of Germany (IAEA, 2Q06ith 5'%0 values in the range of
-7 — -8%0 and falling on or very close to the Glohgteoric Water Line (GMWL).
This evidence is consistent with a modern meteorigin and explains the limited

range of observed isotopic compositions.
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Figure 6.7. Isotopic composition of groundwater in the LowerithEmbayment, Germany
with reference to the Global Meteoric Water Lined{@L) after Craig (1961).

Although it has been established that the majarfitthe observation boreholes
sampled in the Lower Rhine Embayment contain modgoundwater of meteoric
origin there are however, two exceptions to novenfi=igure 6.7. The first exception
is the seven groundwater samples that have reljatiwe §'%0 values, and the second
exception being the two groundwater samples with 6t°0 values that plot to the
right hand side of the GMWL. The groundwater sampiat have low'%0 values all
plot on the GMWL suggesting a meteoric origin apaged to a geothermal source or
evaporation trend. The small cluster of three sangalints between -9.0 and -9.2%o
originate from a single observation borehole batfrpiezometers reaching different
depths. Based on the stable isotope data presentdéigure 6.7 as well as
hydrochemical and dissolved noble gas concentratibat are discussed in Section

6.1 and Section 6.3 respectively, it can be intertbat the Na-Cl dominated
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groundwater has a significantly different rechafystory, evolutionary path and
residence time in comparison to the main clustergafundwater samples that
represent modern recharge of meteoric origin. TleeCN(HCQ;) hydrochemical
facies appears to be of meteoric origin as it plmisthe GMWL suggesting that
recharge probably occurred under cooler climaticd@tons than those that
predominate today and therefore leading to the lagiun that this is indeed a palaeo
groundwater.

The groundwater samples that plot between the Naat2leo groundwater and
the main cluster of samples that represent modmrharge are thought to be a result
of mixing between the two groundwater types. Thespnce of the Na-CIl-(HGD
groundwater and the subsequent mixing with modecharge has only been observed
in a localised area within the town of Bruhl in theuth western region of the Lower
Rhine Embayment. However, groundwater collectednfra single observation
borehole in the village of Korschenbroich (ID numbB87271) north of the Brihl area
and in close proximity to the Viersen Fault hassaropic composition that plots very
close to the GMWL and has a me&fiO value of -8.2%.. The groundwater sample
taken from borehole 907271 appears to have anpgoémd noble gas signature that
is consistent with mixing between the Na-Cl palgemundwater and modern recharge
in the shallow aquifers. However, this groundwaigre (Na-Ca-HCG) was only
observed at one location in the Korschenbroich afesgpite additional targeted
sampling of neighbouring boreholes, suggesting thatorigin of this groundwater
could be deep within the aquifer system and linkethe Viersen Fault.

Although it is possible to infer the presence ofapa groundwater using the
stable isotopes of oxygen and hydrogen, it is nodsiple to determine precise
temperature changes. A number of studies succBssfinbined the use of stable

isotopes with"“C age-dating to provide an estimate of residenoe tnd therefore
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determining the climatic conditions at the timeretharge based on other palaeo
climate proxies (eg. Fontezt al., 1991; Dedk and Coplen, 1996; Vaikmgteal.,
2001).

Dedk and Coplen (1996) successfully appleD measurements andc
dating techniques to distinguish between Holocem#& Rleistocene recharge in the
Great Hungarian Plain in central Europe. Basecherrésults of thé’C groundwater
dating, modern recharge was simply defined as kga&if'?0O value more positive
than -10%. whereas palaeo groundwater (groundwaemharged during the
Pleistocene) was defined as having' % value more negative than -10%. (Deak and
Coplen, 1996). Rozanski (1985) presented a langgeraf stable isotope data from a
number of authors for European palaeo groundwaardolphet al. (1984) presented
stable isotope data from southern Germany (Nirntegipn) withd'°0 values in the
region of -10 to -11%. for palaeo groundwater. Thesdues are slightly more
negative than th&'®0 value of -9%o that was determined for palaeo gdowater from
the Lower Rhine Embayment.

More recently it has become common to combine steltope measurements
not only with groundwater age-dating techniqueshsg™C, but also with dissolved
noble gas measurements to form a multi-tracer @gbravhich allows groundwater
residence times to be accurately determined as ageknabling the precise mean
annual surface temperature at the time of rechiargpe calculated (eg. Andrews and
Lee, 1979; Stute and Deak, 1989; Stital., 1995; Beyerlet al., 1998; Aeschbach-
Hertig et al., 2002; Lehmanmt al., 2003; Zubeet al., 2004). The calculated noble
gas temperatures (NGTs) for modern and palaeo dwater from the Lower Rhine

Embayment are discussed in Section 6.3.



6.3. Dissolved noble gases

6.3.1. Helium in groundwater

Helium isotopes are typically used in groundwatadi®s as a semi-quantitative
measure of groundwater residence time (Andrews hed, 1979; Zhou and
Ballentine, 2006), to identify deep crustal or nharituxes (Martyet al., 1993) or to
investigate the sealing properties of aquitardsr{ivet al., 2003). A full review of
dissolved noble gases in groundwater includinguinelisotopes is given i@hapter 3.
Groundwater samples collected during 2007/08 frbm ltower Rhine Embayment

were analysed for dissolved helium and the resuéigpresented in Figure 6.8.

1.0E-03
_ 1.08-047 A Ca-HCO3
H‘;o 0 Ca-HCO3-504
= 1.0E-05 - + ¢ Ca-Mg-N03-504
g O Ca-S04-(NO3)
E 1.0E-06 - + Ca-Na-(HCO3-S04)
E A Na-Ca-HCO3

1.0E-07 R X Na-Cl-(HCO3)

| Atm. Solubility Fquilibrigm (10°C) _ Y
1.0E-08
-10 9 -8 -7 -6

580 VSMOW (%)

Figure 6.8. Cross plot of helium concentration agaif¥i0 value for groundwater samples
collected during 2007/08 from the Lower Rhine Embewt, Germany. The solid lines
represent a simple binary mixing model envelopaveeh end member groundwater types

and the dashed line indicated the expected helomentration due to atmospheric solubility

equilibrium at 10 °C.
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The first observation to note from Figure 6.8 iattthe main cluster of sample
points represents modern groundwater recharge d&arie origin due to their
isotopic composition and proximity to the GMWL asalissed in Section 6.2. These
groundwater samples have helium concentrations him tange expected from
atmospheric solubility equilibrium and the additiohexcess air. The dashed line in
Figure 6.8 represents atmospheric solubility ebriidim at 10 °C which approximates
the mean annual surface temperature of the region.

The Na-Cl dominated groundwater has helium conaéntrs of 1.28x10 and
1.69x10% cm® STP ¢ H,O in groundwater samples collected from the Briihl 9
observation borehole (piezometers of 958062 an@®%8espectively). These helium
concentrations exceed that expected for groundvimslubility equilibrium with the
atmosphere by more than three orders of magnitude ase the highest helium
concentrations measured in groundwater samplegatet! from the Lower Rhine
Embayment during this research. Excess helium isf ttagnitude probably results
from thein situ production of radiogenitHe within the subsurface due to the decay
of U and Th series elements, and subsequent acatioruin groundwater over time,
in addition to a large helium flux to the aquifgstem from an external and perhaps
previously trapped reservoir. Much smaller heliuxaesses could be explained by an
excess air component dHe and“He from the dissolution of entrained air of
atmospheric origin during water table fluctuati¢ghggramet al., 2007), the}-decay
of bomb tritium to tritiogeniéHe, °Li(n,o)H reactions that produce nucleogettite,
as well as mantle contributions of bdtte and’He (Castro, 2004).

In deep circulating groundwater from sedimentansits it is typically
assumed that a crustal component is primarily nesipte for large excesses of

helium that originate frorm situ production or a crystalline basement (Castro, 2004
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Figure 6.9. Cross plot of helium against chloride for grountbvasamples collected during
2007/08 from the Lower Rhine Embayment. The safidd represent a simple binary mixing

model envelope between end member groundwater.types

Accurate®He measurements provide a quantitative way torgjatsh between
the various sources of excéste and’He in groundwater due to well knowHe/'He
ratios (Clark et al., 1976). Unfortunately, it was not possible to linie *He
measurements as a component of this research leweght such measurements would
have provided great insight into the origin of esscdelium present in a number of
observation boreholes in the Bruhl region of theveoRhine Embayment.

Helium-4 has been used in a number of studiessasm-quantitative tool for
determining groundwater age (Zhou and Ballentir®)62. Calculations based on
situ accumulation of radiogenitHe using estimates of U and Th concentrations in
Lower Rhine Embayment sediments ditte groundwater age equations given by

Mahara and Igarashi (2003) and Zhou and Ballen{@06) appear to vyield
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unrealistically long aquifer residence times in thege of 18 years. A number of
studies have reportééfle concentrations to be higher than those thabeagxplained
by in situ radiogenic production (eg. Torgersen and Clari@5]19akahata and Sano,
2000). Martyet al. (2003) reported that thie situ production of*He in the Trias
aquifer of the Paris Basin accounted for <1% of diserved*He present in
groundwater based oHC dating to determine groundwater residence tinfes.
explanation of the high helium content in the shallaquifer layers of the Lower
Rhine Embayment requires a significant contribufimm an external source outside
the aquifer system. A number of studies have sugddbat generally, it is likely that
excess helium in sedimentary aquifers originatemfdeep in the continental crust
(Torgersen and Clark, 1985; Castp al., 1998) or that it originates from deep
circulating basinal fluids (Pinti and Marty, 1998olomonet al. (1996) suggested
that a high external flux of helium to shallow gnowater could originate from a
previously trapped reservoir of helium. Unfortutgtethe precise origin of the
dissolved helium present in groundwater samplelecteld from the shallow aquifers
in the Brihl region of the Lower Rhine Embaymenhains uncertain, and without
accurate®He measurements the potential sources are difftoutesolve. However,
potential sources of helium can be identified bgsidering the mechanisms by which
helium has migrated to the shallow aquifer systéfhe primary mechanisms
responsible for the transport of helium from deephe continental crust to shallow
groundwater systems include fluid advection andboitk diffusion. Zhou and
Ballentine (2006) state that these processes dilelynto account for the necessary
rate of helium mass transport from the crust tollswagroundwater. Therefore,
external helium fluxes to near-surface groundwadquifers of the magnitude
necessary to produce observed helium concentrasievesral orders of magnitude in

excess of those expected from atmospheric solleijtilibrium must be the result of
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large scale tectonics such as crustal extensioltetBime and Burnard, 2002). Indeed,
the high helium concentrations measured from graaer samples taken from the
Bruhl region have led to the inference that deagstal fluids have migrated from
depth to the shallow aquifers via conduit flow witithe Bornheim fault zone that
connects deep and shallow aquifer layers that tlierwise isolated by confining clay
layers and lignite seams of very low permeabiliffhese findings provide
geochemical evidence to validate the conduit-bamedel proposed by Bense and
Person (2006) that describes faults as barriermttyal groundwater flow but as
conduits or preferential flow paths for verticabpliacement of groundwater in the
Lower Rhine Embayment.
To improve the groundwater residence time estimhésed on“He

concentration it is necessary to consider all semrof “He which include an
atmospheric componerit) situ radiogenic production as well as an external tfix

“He given by the following equations:

|:4He:| = I: 4He:|ASN +|: 4Helnsitupr0ducti0n +[ 4He}eqernalﬂux (67)

|: 4He]insituproduc'rion = Wt (68)

F
|:4He:|@<ternalflux :%t (69)

(Zhou and Ballentine, 2006)

@ = aquifer porosity

n = transfer rate from stratum to groundwater (Ugug)

p = stratum density (g cf)

t = residence time (year)

h = aquifer thickness (cm)

F = average crustal flux (ch8TP fHe] cm? yeaf)

S= source function given by: 0.2355x7U{1+0.123([Th]/[U]-4)}
[U]and [Th] in ppm
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The residence timéHle age) in years is therefore given by the equation

_[He]-[ el 610
F, onS(1-9)
gh ¢

The values used to estimate residence time usingtiénq 6.10 were very under
constrained. However, an external average crustabvalueF = 4x10 atoms*He m?

s* (Torgersen, 2010) and U and Th concentrations afi®8 ppm respectively were
used to calculate The estimatedHe age of the palaeo groundwater end member

using this method is in the range of 2%y@ars.

6.3.2. Groundwater end member characterisation

The Na-Cl-(HCQ) dominated groundwater has been characterised by
numerous hydrochemical, isotopic and noble gasetsa@nd labelled as a pre-
Holocene palaeo groundwater. This groundwater loashybe considered to be an end
member groundwater with a true geochemical comiposisimilar to that of the
groundwater sampled from the deepest piezometdrirwthe Brihl 9 observation
borehole. lonic constituents are dominated by Nd @h and the hydrochemical
composition creates a reducing environment. Thegtivelly low §*20 value of -9.1%o
suggests that recharge occurred under cooler atintainditions than those that
predominate today because of the -1.3 — -2.0%o,shift stable isotope data also
suggests a meteoric origin. Significanflide concentrations are over three orders of

magnitude higher than those expected due to atreasmolubility equilibrium.
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Modern groundwater of meteoric origin is considetedbe a second end
member groundwater. In terms of stable isotope aoble gas data the modern
groundwater displays little variation (Figure 6.AdaFigure 6.8) but hydrochemical
compositions display a wide range of values dueaoations in mineralogy and
aquifer composition (see Figure 6.2). TR®O values of modern groundwater
generally fall in the region of -7.1 to -7.8%. anck dn good agreement with the
isotopic composition of precipitation for the regiqlAEA, 2006). Noble gas
concentrations are close to solubility equilibriwvith small additions of excess air
but no identified crustal or mantle sources.

Noble gases, oxygen isotopeg®0) and chloride ions are all considered as
conservative tracers so it is therefore appropt@t®rmulate a simple binary mixing
model to describe the conservative mixing of th® tnd member groundwaters

(Figure 6.8 and Figure 6.9).

6.3.3. Groundwater mixing
Mixing between two distinct groundwater end mersbean be quantified

using simple linear algebra:

Ssamplez X'Smodern"' (1 _X)'Spalaeo (6-11)

This simple binary mixing relationship can be apglio noble gases, oxygen isotopes
(5'®0) and chloride ions because they are all considaseconservative geochemical
or hydrochemical tracers. Such a simple mixing nhegears to fit the helium and
§'%0 data rather well (Figure 6.8 and Figure 6.9). $imall number of data points that
fall outside of the mixing model envelope can bplaxed by perhaps a different end

member composition in terms of slightly low&fO values for modern groundwater
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of meteoric origin that simply have not been samplet, or for samples that fall to
the right hand side of the model, mixing with ardhgroundwater type. Ternary
mixing is clearly a feature of the Brihl region whdhe two regional end member
groundwaters are also mixing with localised evamatavater that is believed to have
percolated into the shallow aquifer from a disusaadd/gravel pit. This local signature
is characterised by a hydrochemical composition idatad by Ca-S@NO; and a
high 5'0 value of -5.2%.. The two sample points that exhdsiricheds*®0 values
and plot on an evaporation trend line (see Figur® @riginate from a single
observation borehole in the Briihl area and areebedl to have a very limited spatial
occurrence.

It remains uncertain whether the helium a#idO values of the palaeo
groundwater end member represent the true end meondmposition or if the
groundwater sampled from observation borehole 938G already been exposed to
mixing with modern groundwater in the shallow aquifprior to the point of
sampling. However, it is certain that the palaesougdwater originates from a well
constrained location associated with the Bornhe#mltfand mixes with modern
recharge in the upper layers of the shallow agsijstem. This suggests that the fault
acts as a preferential flow path for deep circotpfpalaeo groundwater with a very
long residence time to bypass the intermediate hdepf the aquifer system and
therefore directly connecting the deep basementesysvith the shallow aquifer

layers that contain the most modern recharge.

6.3.4. Noble gas palaeother mometer
Dissolved noble gases in groundwater have beeninsedmerous studies to
provide palaeoclimate information (eg. Mazor, 197Zhdrews and Lee, 1979;

Rudolph et al., 1984; Stute and Deak, 1989; Andrews, 1992; S¢utal., 1992;
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Blavoux et al., 1993; Osenbriickt al., 1993; Stutest al., 1995a; Stutet al., 1995b;
Denniset al., 1997; Beyerlet al., 1998; Aeschbach Hertag al., 2002; Beyerlet al.,

2002; Zubeet al., 2004) as discussed in Chapter 3.
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Figure 6.10. Noble gas temperatures (NGTs) modelled using NOBLRBtted against

excess air given asNe (%).

The measured concentrations of the noble gasesANeKr and Xe were
interpreted using NOBLE90 (Aeschbach-Hertgal., 2000; Peeterst al., 2002) in
terms of temperaturel( and excess ai\]. As discussed in Chapter 3, there are five
model parameters (temperaturg),(salinity ), pressure ) excess air A) and
fractionation F)) but it was assumed that S ~ 0 for recharge déar& origin and®
was determined from the mean altitude of the stamba within the Lower Rhine

Embayment. If fractionationH) is set to zero the closed system equilibratio&)(C
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model reduces to the unfractionated excess air (lddjlel and produces the same
results for temperatur@) and excess aiAj. The noble gas concentrations for all the
groundwater samples that were successfully analigedissolved noble gases were
interpreted using the three model equations usedN@BLE90. However, the
assessment gf and probability (%) values indicated that the aofionated excess
air (UA) model produced the best fit for all thergdes and no samples were rejected
due to a poor model fit. Figure 6.10 shows theudated NGTs plotted against excess
air using the UA model. The uncertainty of T waaled to account for the goodness-
of-fit by NOBLE90 and the UA model consistently lged the smallest degree of
uncertainly for calculated NGTs.

Figure 6.10 shows that there are potentially thtesnds in recharge
temperature but it was assumed from hydrochemitdlsgable isotope data that the
main cluster of samples all represent modern greatet recharge (with the
exception of the Na-CI-(HC£) groundwater) and that the mean temperature & 12.
+1.3 °C calculated using these points would theeefepresent the average recharge
temperature of modern groundwater accurately. Hewethe weighted mean annual
surface temperature is 10.8 °C which is 1.7 °C tothan the calculated NGT.
Although the uncertainty limits of the calculate@WN (1.3 °C) could explain most of
this offset, it is possible that the UA model doest adequately describe all the

mechanisms that control noble gas concentratiotiseawater table.
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Figure6.11. Cross plot of Noble Gas Temperature (NGT) agaiti.

Noble gas temperatures have been used as a climadge for determining the
surface temperature during the last glacial maxinfu@M) (eg. Stutest al., 1995). A
number of palaeo groundwaters that have been faghtly groundwater age-dating
techniques such d4C, display a temperature decrease of 5-7 °C (edrefvs and
Lee, 1979; Blavowet al., 1993; Stuteet al., 1995) whilst some studies report a
smaller temperature decrease in the range of 2-8PQCGM groundwaters (eg.
Osenbriclet al., 1993).

The data presented in Figure 6.10 is not incornsistath these findings
although the evidence is limited. The palaeo grewatdr identified in the Bruhl
region displays relatively 10'°0 values and a shift of -1.3 — -2.0%. from modern
recharge. The mean NGT calculated for the Na-Cl@gCGnd Na-Ca-HCQis 5.6
+1.7 °C which is 6.9 °C cooler than the mean NGTemeined for modern

groundwater (12.5 +1.3 °C) within the Lower Rhinmliayment aquifer system. The
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remaining Na-CIl-(HCG) type groundwater sample points do not agree thightrend
but this could be because of the difficulties eigraed during sampling due to the
high dissolved gas content of the groundwater énBhihl 9 observation borehole and
could also explain the large error bars that asp@ated with several of the Na-Cl-
(HCOs) dominated groundwater samples.

It is not possible to state precisely with any @egof certainty the exact
climatic conditions under which the Na-CI-(HgQype groundwater was recharged,
or even the origin of the Na-Cl-(HGPDtype groundwater. Carbon-14 age-dating of
groundwater samples collected from the Brihl 9 olz®n borehole during 2007
was conducted by the USGS but the results suggésaethe samples welé&C free.
This was interpreted as groundwater with a residetime that exceeded 30,000
years. However, Maloszewski and Zuber (1991) iiytieame to the same conclusion
when using*“C to date groundwater samples from a carbonatdeaqniPoland as the
samples were found to B&C free. It was later determined using tritium tiiae
groundwaters were in fact of Holocene age and tiss bf’C was explained by
matrix diffusion and matrix exchange factors (Masski and Zuber, 1991).
Obtaining a reliable groundwater age estimate liergalaeo groundwaters from the
Bruhl region would certainly form an important cooment of any further work and

could possibly be achieved by applying eitffel or 8'Kr dating techniques.

6.3.5. Noble gas determined excess air

The relationship betweefiNe and seasonal water table fluctuations has been
considered by a number of authors (eg. Stute ardoSker, 1993; Wilson and
McNeill, 1997; Ingranmet al., 2007). Ingranet al. (2007) state that a good correlation
between excess aitkle) and mean annual water table fluctuatith,{) suggests that

air entrainment is directly linked to water tablectuations and not aquifer lithology



as suggested by Wilson and McNeill (1997). Howewde laboratory column
experiments designed by Holochetral. (2002) specifically to investigate the link
between excess air and water table fluctuationsdidorovide conclusive evidence.
Ingram et al. (2007) used the closed system equilibration mo@#E Model)
described by Aeschbach-Hertigal. (1999) to determine excess air values. However,
the ‘best fit' of the data occurred when the frawétion factor, was set to zero in
which case the CE Model reduces to the basic uidrated excess air (UA) Model
described by Andrews and Lee, (1979) and Stute Satdosser (1993). The CE
Model has the ability to describe the theoretiedhtionship between excess air and
water table fluctuations. The derivation of thislatenship is described by
Aeschbach-Hertigt al. (2002) and is also reported by Ingranal. (2007).

Noble gas determined excess air values for grouteiwsamples collected
from the Lower Rhine Embayment were plotted agamstin annual water table
fluctuation data for all observation boreholes tHeplayed a regular annual water
table fluctuation. TheAh,, values were calculated using water table elevatiata
records dating back to the 1970s and provided byEttitverband. Up to six readings
were taken each year so it was possible to deterthim maximum annual amplitude
which was then used to calculate a mean valuéhéotine period of the records if the
magnitude of the amplitude remained fairly consistaver time. Figure 6.12A shows
that there is a good correlation betweg#Ne andAh,, and that the results are
consistent with both the data published by Ingraimal. (2007) and with the
theoretical relationship predicted by the CE matkdcribed by Aeschbach-Hertg
al. (2002). It is evident that the samples from thewer Rhine Embayment have
relatively low ANe values and a corresponding low mean annual wiatele

fluctuation (see Figure 6.12B).
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Figure 6.12A. Excess air expressed adle (%) plotted against mean annual water table
fluctuation. The data can be seen to be consistghtthe results presented by Ingratral.
(2007) for values at the lower range of the sdailgure 6.12B shows an expanded view of the

grey area.

An important point to note is that the vast majomif the aquifers in the
Lower Rhine Embayment do not display a consisteassnal water table fluctuation,
primarily due to groundwater abstraction for lignihine dewatering purposes. All of
the sampled boreholes that are in close proxinityctive or abandoned lignite mines
are, or have in the recent past, been significaaffgcted by mine dewatering (as
discussed in Chapter 2). Time series data proviethe Erftverband was used to
assess the behaviour of the water table from ti@<.® the present day. These data
were available for each of the sampled boreholekiasvas one of the criteria used
during the initial borehole selection process. Téeords show that most aquifers in

the Lower Rhine Embayment are affected by ligniteing to some extent. Typically,
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the water table in many areas displays a trendithiere constant drawdown, or
drawdown followed by subsequent rebound in areasrevimining has now ceased or
moved further away. However, recovery of the wasdie subsequent to significant
drawdown appears to be a slow process. An analysgcess air concentration was
not conducted on samples that were collected frorehmles that had corresponding
water table records that displayed trends othen thegular annual water table
fluctuations because without applying accurate gdowater age-dating techniques
such asH->He or®Kr it would be impossible to state with any degoéeertainty, at
which point along a time series of hydraulic heatugs groundwater recharge had
occurred and therefore making it difficult to cdate a particular trend in water table

behaviour with excess air concentration.
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Figure 6.12B. An expanded view of the grey shaded region of Edui2Aand without the
data from Ingranet al. (2007).
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6.3.6. The conceptual hydrochemical model

The analysis of dissolved noble gases, stable psst@f hydrogen, oxygen,
carbon and strontium, and hydrochemical compositias provided strong evidence
to suggest that groundwater flow dynamics in théhBregion of the Lower Rhine
Embayment, and particularly in close proximity ke tBornheim fault, are of great
interest in terms of European palaeo groundwatedslaid flow processes associated
with fault zones in sedimentary basins. The mudtifshcer approach has allowed a
conceptual model to be developed that elucidasnichanisms involved, and helps
explain the observed occurrence of palaeo groureivatvery shallow depth in the
Bruhl region. The conceptual model describes a deeplating groundwater that has
a residence time sufficient for the accumulation sggnificant concentrations of
helium (more than three orders of magnitude higiem atmospheric solubility
equilibrium) fromin situ production derived from the decay of U and Th eseri
elements in the subsurface. It is also very likbigt an external flux of helium also
contributes significantly to the total helium contration of the palaeo groundwater.
Hydrochemical analysis of the palaeo groundwatdicates that Naand Cl are the
dominate ions and that the hydrochemical evolutiprastory of the groundwater
involved very highPco, conditions and a significant subsurface sourde’of

The occurrence of palaeo groundwater in shallowfexguis strongly linked to
the Bornheim fault. Geochemical and temporal hylirahwead data suggest that the
groundwater originates from depth and flows almgsivards within the Bornheim
fault core material and/or the adjacent footwaltenal and is driven by de-watering
of nearby open cast lignite mines. Due to the cemplature of the layered sand and
gravel aquifer system and the intercalated claylmmite layers of low permeability

it is possible that the precise flow path is mooenplex than simple conduit flow.
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However, the conduit-like flow associated with tBernheim fault is probably
directly linked to nearby lignite mining activitiesd specifically to large scale mine
de-watering that has a large impact on hydrauladhdistribution throughout most of
the region. The lignite mines that are within a fkdemetres of the Bornheim fault
have been abandoned and subsequently restorectéational and agricultural land.
The palaeo groundwater emanates from the Bornheift fike a ‘point
source’ injection and forms a plume of groundwalet is easily distinguishable from
the modern meteoric recharge that is typically tbium the shallow aquifers of this

region due to its hydrochemical composition (segifé 6.13).

174



i

| GW-Gltepafametéq: Chlorid N |
——y R ; < T T~
STW:50 \\\\g\\\\‘\\\ \\\\\\\ RN \\\ s \‘;_gzﬁ‘\ h
- & ARV ENN A E L PR RN . ]
GW-Leiter Sand 2 NSNS S NN SN TN N NN N
‘ CNONON N Nae NN YN NN amds NN N
)K/\\\ e N NN NN NN N
d \_'-\ ~ AN I NN N ™ S .
. Y ~
/%\%:\\\\\ \\\\ \\\\\\ S e
AS
NK
AN
\\%
AN
Y
S
TEETN
N
\ AR
. A \\\
\\\ NN
R
\\\ \\\
gt J AN
\\\\ N,
@Baul \\
e T
\\
K =1
 Chloridgenalt [mjg/t] SRR AN
] 15-60 ) ‘ lo100.7 N
1 so-10 | \
7272 100-150 : ' AN
(IR 150-200 - o N
e 200-500] . ' o
500-1000 % - ' . \\
== >1000 :
Anzahl der Analysen:
— — 1 —m M
[— Tt A
25 Vs

Figure 6.13. Spatial distribution of the palaeo groundwater pumhat emanates from the
Bornheim fault based on Ctoncentration measurements taken from 1979 to 18§koduced
from Schenk, 1982).
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It is hypothesised that the emplacement of thegmagoundwater at shallow
depth occurred during the active de-watering of niearby lignite mines and that
conduit flow from depth is not occurring at the g@et time. The plume-like
emanation also appears to be slow to disperse perhae to the shallow hydraulic
head gradients that currently exist in this regiSohenk (1982) first identified the
plume of palaeo groundwater near the Bornheim faulthe early 1980s and
accurately mapped its distribution based onn@@dasurements (Figure 6.13). Schenk
(1982) recognised that the groundwater was linketthé¢ Bornheim fault but without
the application of geochemical and isotopic traceas unable to establish the flow
path or origin of the groundwater.

The locations of the four observation boreholasaséd in the Brihl region are
mapped in Figure 6.14. It can be seen that obsenvabreholes 352722 and 957982
are within just a few metres of the Bornheim fa#ligure 6.14 also shows that the
Bruhl 9 observation borehole (958063) is locatedht® west of the Bornheim fault
and that groundwater flow is from west to eastraficated by the hydraulic head
gradient. The 3-dimensional diagram in Figure 6llilétrates the relative positions of
the observation boreholes and their depths iniogldb the Bornheim fault and the
sediment deposits of varying geological age. ThéhB® observation borehole yields

the highest concentration of dissolved helium a@H the most depletéd®O values.

17¢



Observation Borehole
"1 —4y— Potentiometric Surface

—r—— Fault
-y Geological Boundary

ot L]

Figure 6.14. Plan view of the Briihl region and 3-dimensionalksreection show the locations and relative dedthisecobservation boreholes as well as the

proximity to the Bornheim fault.



As discussed in Section 6.3.2 the groundwater atBhihl 9 location is

thought to accurately represent the end member asitign. It is unclear why the end

member composition is found slightly up-gradiewinfirthe Bornheim fault if the fault
plane represents the point source origin of thaqualgroundwater. The most likely
explanation is that during periods of intense ligmhine de-watering that acted as the
driving force of fluid flow along the fault the @iction of groundwater flow would
have been reversed as a cone of depression dedelmpew the lignite mine. As
mining began to decline in the area and finallysegleentirely, the natural direction of

groundwater flow slowly restored itself and therp&iof palaeo groundwater could be
identified to the east of the Bornheim fault.

Obhservation Borehole
0 958063 352722 957982
Gravel Sand
Gravel
Gy
50 | 01 !
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E
£ 100 _|
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a @
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-
] = Sand
Sand ! \ E
Palaeo groundwater
200 ‘
O0m 1500 m

3000 m
Figure 6.15. Cross section of the Bornheim fault indicating tiygward flow of palaeo

groundwater from depth (blue arrows), the genevakt to east’ flow direction in the shallow

aquifers and the percolation of evaporated watenfa surface gravel/sand pit (red arrow).
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An alternative and perhaps more simple hypothesisthat the palaeo
groundwater flows through the fault core and witktiie adjacent footwall material
creating a more complex flow path and the plumeretes from the shallow aquifers
to the west of the Bornheim fault in a more diffusay. The stable isotopes of
hydrogen and oxygen and dissolved helium data ateithat the Bornheim fault is
acting as a barrier to horizontal groundwater flawshallow depth near observation
borehole 352722 (see Figure 6.15) which could expilae slow rate of advective

dispersion and dilution.



7. Conclusions and Further Work

7.1. Conclusions

Hydrochemical, stable isotope and noble gas trea@miques have provided
valuable insight into basin scale groundwater fldynamics in the Lower Rhine
Embayment aquifer system. The large variation idrbghemical composition of
groundwater samples collected during 2007/08 issalt of the mixed mineralogical
assemblages that exist in the shallow Pleistocamk Rliocene deposits. Stable
isotopes of hydrogen and oxygen were used to iyeptlaeo groundwater in the
shallow aquifers of the Brihl region. The hydrociehcomposition of the palaeo
groundwater indicates that it is dominated by" Nad Cl ions and suggests that
hydrochemical evolution occurred under highjo, conditions than more recent
groundwater recharge and is easily distinguishdten the modern groundwater
component that is dominant throughout the LowemnRiEmbayment.

Groundwater samples were analysed for dissolvedengis concentrations
and numerical modelling using the NOBLE90 geocheinicodel was employed to
interpret dissolved gas concentrations in termexaiess air, water table fluctuations
and noble gas temperatures (NGTs). Noble gas detednexcess air concentrations
correlated well with groundwater level fluctuatioasd the results were consistent
with the values predicted by the closed systemliegaiion (CE) model proposed by
Aeschbach-Hertiget al. (2002) and agreed well with the data reportednigyam et
al. (2007). The mean NGT of modern groundwater reggharas 12.5 +1.3 °C which
is consistent with the regional weighted mean ahsudace temperature of 10.8 °C.
Determining accurate noble gas temperatures faepafjroundwater samples was

problematic due to the high dissolved gas conctots of the groundwater and gas
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exsolution during the sampling procedure. Howetteg, results obtained do provide
some evidence to suggest that the mean rechargpetetare of the palaeo
groundwater is 5.6 °C which is not inconsistenhviite 5-7 °C decrease in recharge
temperatures from the Pleistocene to the Holockae las been reported by other
authors (eg. Andrews and Lee, 1979; Blavaixal., 1993; Stuteet al., 1995),
although with only a small number of palaeo grouatbw samples being successfully
analysed there is a degree of uncertainty surrognttiis conclusion.

Dissolved helium concentrations in groundwater dampollected from the
Bruhl region have provided additional evidence tmfaem the presence of palaeo
groundwater in shallow aquifers. Helium concentragiwere observed at a maximum
of 1.7x10* cn® STP @ H,O which is 3-4 orders of magnitude higher than the
concentration expected due to solubility equilibriwith the atmosphere and suggests
a very long residence time. The source of heliumnsertain buin situ radiogenic
production and a terrigenic flux probably accouat & large proportion of the
observed helium. The precise origin of the pala@aigdwater is unknown but due to
the close proximity of the Bornheim fault, it isgothesised that the fault creates a
preferential flow path. Groundwater exchange betwthe deep basinal aquifers and
the upper aquifer layers is frequently impeded dwgfining clay layers and very low
permeability lignite. This suggests that palaeaigdwater from depth is mixing with
modern water of meteoric origin in the upper aqgusifas a result of advective flow
from depth towards the upper aquifer layer witlia Bornheim fault, or that flow is
occurring in the adjacent footwall of the fault dotlows a more complex flow path
towards the surface. There is no evidence of theanamalies from observation
boreholes in close proximity to the Bornheim faaiplying that the flow rates along

the fault are either too low to generate a tempeeaanomaly, or that conduit flow
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within the fault zone is not occurring at presdnts therefore hypothesised that the
plume of deep basinal palaeo groundwater, charseteby its high helium content
and relatively lows'®0 value, was emplaced during a period of enhanceddaused
by large scale groundwater abstraction from a nelghite mine. The mine has now
been abandoned and natural flow conditions haven lrestored reversing the
direction of groundwater flow. Hydraulic head gexuts are low in this area so
advective dispersion and dilution appear to octarslow rate. Today, exploitation of
lignite occurs at the Inden, Garzweiler and Hambathes. Upward fluid flow
associated with fault zones could be widespreaaréas adjacent to the large open
cast lignite mines due to the large hydraulic hgeatlients that have been created
across some faults and the enhanced transientrite® that are the result of large
scale mine de-watering. Unfortunately, the obséwaboreholes in these regions are
particularly deep and so sampling for dissolvedegas problematic. However, this
research has provided strong geochemical evidemcgupport the conduit-barrier
fault zone model proposed by Bense and Person (2006

More broadly, this research has contributed touthderstanding and ability to
predict fluid flow patterns in unconsolidated seéittary basins and has relevance for
some of the largest groundwater aquifer systemshgdocarbon reservoirs in the
world, such as those in the Gulf of Mexico and Harth Sea Basin that are largely
analogous to the Lower Rhine Embayment. Understanitiie flow dynamics of deep
basinal groundwater and the complex hydraulic behavof fault zones in
unconsolidated sedimentary basins is critical mcessfully and safely implementing
schemes such as carbon capture and storage (C@8yelear waste disposal as well

as for more general water resources managemenigesp
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7.2. Further work

It is clear that the Lower Rhine Embayment is a plex hydrogeological
system, and that the application of additional emmental tracers and groundwater
age-dating techniques would significantly improwa enderstanding of the origin,
residence time and flow paths of the palaeo groaemidentified in the shallow
aquifers of the Brihl region. Further work wouldnparily seek to elucidate the origin
of deep circulating groundwater found in shallowié&ys. There are a number of new
research questions that need to be addressed @wmnanlour understanding of
groundwater dynamics in the Lower Rhine Embaymertt provide further insight
into the role of fault zones such as: What is thgim and age of the deep basinal
fluids found within shallow aquifers of the LRE?tleere an exchange between deep
basinal fluids and modern groundwater at shalloptli@long fault zones that behave
as conduit-barrier systems and what is the spatidl temporal variability of this
process? Are these basinal fluids emplaced in @madiquifers during periods of
intense mining activity and subsequent loweringh&f water table or is it a natural
phenomenon that is enhanced by groundwater akistracin regions where current
groundwater abstraction is significant, is the ffxgroundwater along faults large
enough to result in transient thermal anomaliesiwiaquifers flanking those faults?
Do geochemical and thermal anomalies occur simedtasly? Does the absence of
thermal anomalies but the presence of geochemmzahalies indicate historical fluid
migration along fault zones or low flow velocitiegfhat are the implications of deep
basinal fluid flow along faults for nuclear wasterage, CCS programmes and water
resource management? A full range of helium, nemhaagon isotope ratios could be
used to identify and quantify the various sourde¥e and*He and their contribution

to the total helium content of groundwater samp@&slorine-36 would be the most
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appropriate groundwater age-dating tool for detemg the age of LRE palaeo
groundwater and the application €Il has been successful in age-dating very old
groundwater in numerous deep circulating systemsl(@veet al., 2000; Lehmanet
al., 2003; Sturchiet al., 2004). Although the interpretation €I ages is not routine
due to a number of parameters that are difficultdostrain, such as atmospheric
residence time (Balderet al., 2004) and additional sources’6€! in groundwater;
for example, anthropogenic inputs from nuclear veeaptesting in the South Pacific
Ocean between 1952 and 1959, and radiogenic pioducf *°Cl deep in the
subsurface; it could be argued that in the Lowem&HEmbayment the difficulties
with *°Cl age-dating are minimised because of the absehgeoundwater with very
high salinity such as deep basement brines or aiterces of Cl such as evaporite
deposits that are found further north in the Nd8#a Basin. Krypton-81 has the
potential to provide an alternative ¥CI age-dating, but currently no laboratories
worldwide are offeringBlKr measurements for dating very old groundwated #&n
would also be significantly more expensive tA%I dating.

It has been established that geochemical anomialibsate the presence of
deep circulating groundwater in shallow aquiferst tb is uncertain whether these
basinal fluids are emplaced in shallow aquifersirdumperiods of intense mining
activity and subsequent lowering of the water tabiewhether it is a natural
phenomenon that is enhanced by groundwater atistragritium/helium-3 {H-*He)
groundwater age-dating could be used to determihethver the plume of palaeo
groundwater is a relic of historical mining praescor whether fluid movement along
the plane of the Bornheim fault is still an actpr®@cess today. By dating the modern
component of groundwater it would be possible tiddoa comprehensive conceptual

model of flow dynamics in a given area which inntwould lead to the development

184



of more generic models with relevance to similafimentary basins worldwidéH-
®He dating would form a key part of any further msé and would allow the
determination of recharge rates, flow velocitiesl aesidence times for the modern
groundwater component that is believed to dominatemany shallow aquifer
systems.

In regions where current groundwater abstractiosidsificant, it would be
insightful to determine whether the flux of grourater along faults is large enough to
result in transient thermal anomalies within aqguiféanking such faults. This could
also indicate whether thermal anomalies and geoa¢manomalies occur
simultaneously and whether the absence of thermamalies but the presence of
geochemical anomalies indicates historical fluidmaiion along fault zones or if it is
the result of low flow velocities.

The Lower Rhine Embayment is a well instrumentaddytarea (~15,000
observation boreholes in an area of 4,223)kimat provides a unique opportunity to
constrain fluid flow mechanisms and processes &s#sac with fault zones in
unconsolidated sedimentary basins, and therefaedas an unrivalled opportunity
to improve our understanding of fault hydraulicgl o further the development of
generic models for fault zone hydrogeology in samilsettings worldwide. A
comprehensive understanding of deep basinal fllddv falong fault zones in
sedimentary basins is an essential prerequisitesdte nuclear waste storage, CCS

programmes and more general water resources maeagem
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Appendix 1.
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Figure 1. Sampled observation borehole identification names.
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Appendix 2.

Table 1. SXP Elite operational settings for helium isotopes.

Helium
Emission ON
Filament 1(Th)
Emission Current 0.50 mA
Source Electron Current 70 eV
Source Volts 4.0V
Focus -110V
Lens 4 -110V
Pole Bias 0.0V
High Mass Resolution 32%
Filter Low Mass Resolution 50%
lon Energy Ramp 0.0eVv
Total lon OFF
Zero lon OFF
Faraday/SEM SEM
SEM Bias 2000 V
Gain Range 1 9-10
Detector Range 2 Extra Gain X 1EO
Amplifier Response 30 ms
Amplifier Zero 0.0
Pulse Counting OFF
Polarity +
Internal/External INT
lons Lens 1 oV
Lens 2 oV
External Mass OFF
First Mass 2.0amu
Mass Span 3 amu
Scan Rate 1.000 amu/s
Spectrum Single/Rep Composition | R
Scale 1
Scan Two Regions N
First Mass Region 2 20.0 amu




Table 2. SXP Elite operational settings for neon isotopes.

Neon
Emission ON
Filament 1(Th)
Emission Current 0.50 mA
Source Electron Current 40 eV
Source Volts 40V
Focus -110V
Lens 4 -110V
Pole Bias 0.0V
High Mass Resolution 32 %
Eilter Low Mass Resolution 50 %
lon Energy Ramp 0.0 eV
Total lon OFF
Zero lon OFF
Faraday/SEM SEM
SEM Bias 2000 V
Gain Range 1 9-10
Detector Range 2 Extra Gain X 1EO0
Amplifier Response 30 ms
Amplifier Zero 0.0
Pulse Counting OFF
Polarity +
Internal/External INT
lons Lens 1 ov
Lens 2 ov
External Mass OFF
First Mass 18.0 amu
Mass Span 5amu
Scan Rate 1.000 amu/s
Spectrum Single/Rep Composition | R
Scale 1
Scan Two Regions N
First Mass Region 2 20.0 amu

18¢




Table 3. SXP Elite operational settings for argon isotopes.

Argon
Emission ON
Filament 1(Th)
Emission Current 0.50 mA
Source Electron Current 70 eV
Source Volts 4.0V
Focus -110V
Lens 4 -110V
Pole Bias 0.0V
High Mass Resolution 32 %
Eilter Low Mass Resolution 50 %
lon Energy Ramp 0.0 eV
Total lon OFF
Zero lon OFF
Faraday/SEM SEM
SEM Bias 1650 V
Gain Range 1 9-10
Detector Range 2 Extra Gain X 1EO0
Amplifier Response 30 ms
Amplifier Zero 0.0
Pulse Counting OFF
Polarity +
Internal/External INT
lons Lens 1 oV
Lens 2 ov
External Mass OFF
First Mass 35.0 amu
Mass Span 6 amu
Scan Rate 1.000 amu/s
Spectrum Single/Rep Composition | R
Scale 1
Scan Two Regions N
First Mass Region 2 20.0 amu
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Table 4. SXP Elite operational settings for krypton isotapes

Krypton
Emission ON
Filament 1(Th)
Emission Current 0.50 mA
Source Electron Current 70 eV
Source Volts 4.0V
Focus -110V
Lens 4 -110V
Pole Bias 0.0V
High Mass Resolution 32 %
Eilter Low Mass Resolution 50 %
lon Energy Ramp 0.0 eV
Total lon OFF
Zero lon OFF
Faraday/SEM SEM
SEM Bias 2000 V
Gain Range 1 10 -11
Detector Range 2 Extra Gain X 1EO0
Amplifier Response 100 ms
Amplifier Zero 0.0
Pulse Counting OFF
Polarity +
Internal/External INT
lons Lens 1 oV
Lens 2 ov
External Mass OFF
First Mass 76.0 amu
Mass Span 12 amu
Scan Rate 2.000 amu/s
Spectrum Single/Rep Composition | R
Scale 1
Scan Two Regions N
First Mass Region 2 20.0 amu

19C




Table 5. SXP Elite operational settings for xenon isotopes.

Xenon
Emission ON
Filament 1(Th)
Emission Current 0.50 mA
Source Electron Current 70 eV
Source Volts 40V
Focus -110V
Lens 4 -110V
Pole Bias 0.0V
High Mass Resolution 32 %
Eilter Low Mass Resolution 50 %
lon Energy Ramp 0.0 eV
Total lon OFF
Zero lon OFF
Faraday/SEM SEM
SEM Bias 2000 V
Gain Range 1 10-11
Detector Range 2 Extra Gain X 1EO0
Amplifier Response 100 ms
Amplifier Zero 0.0
Pulse Counting OFF
Polarity +
Internal/External INT
lons Lens 1 ov
Lens 2 ov
External Mass OFF
First Mass 128.0 amu
Mass Span 9 amu
Scan Rate 2.000 amu/s
Spectrum Single/Rep Composition | R
Scale 1
Scan Two Regions N
First Mass Region 2 20.0 amu

191




Appendix 3.

Table 1. Major and nunor 1on concentrations (analyses were conducted at the Erftverband laboratories in Berghemm, Germany)

N Location CaT | Mg | Na* | K' | NHy' |{m§*2L+_l}| Mw?** | HCOy | 80Z | CI | NOy
21/027961 Stemstrass-H 182.0 25.5 28.1 2.50 <0.05 4 0.126 104 474.0 55.3 6.5
21/927971 Guesten 183.0 26.6 27.5 2.24 <0.05 3.19 0.133 323 252.0 81.4 <0.2
21960511 Gillrath 2 74.6 12.5 28.6 11.90 1.04 4.06 0.238 110 027 75.6 54
21/867341 Daerboslar 196.0 27.4 13.4 9.20 <0.05 0.01 <0.005 384 147.0 954 58
21/040331 WWk Gangelt Gp2 507 9.3 18.9 2.88 =0.05 0.03 =(.005 49 74.1 42.2 76.6
21/863901 Duerboslar 170.0 23.9 21.9 1.26 <0.05 0.04 0.006 372 128.0 75.3 73.9
21/861581 MMerzenhausen 196.0 26.3 15.0 3.03 <0.05 0.08 <0.005 354 150.0 107 57.1
28/900441 Muehlrather Mue 21.5 2.9 0.8 1.39 <0.05 3.26 0.06 a7 16.0 9.33 <0.2
21/960251 Straeten 63.2 12.2 338 3.78 =0.05 0.02 0.015 o 108.0 654 | 1129
28/817751 Enoor 01.3 20.5 9.2 2.95 =0.05 0.02 <(.005 203 56.2 26.1 0.9
08/658086 | WW Niederla P 5A 83.0 14.4 249 16.90 <0.05 0.09 0.065 146 008 64.3 44.7
28/000401 Haverslohe 208 82.7 12.8 254 4.85 =0.05 0.18 0.049 116 125.0 54.4 33.2
28/008381 Barlo 103.0 16.1 258 1.62 <0.05 <0.01 | <0.005 02 135.0 52.7 1257
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