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Abstract

Coal extraction in the Lorraine coal field endedin 2004, after 150years of mining. Stoppingof mine
drainagepumpingcausedhe floodingof 180million m® of mine cavities.After around2 to 5 yearsof filling,
pumpingbecamenecessaryo keeppacewith risinglevelsof iron containingwater.

Theelevatedlevelsof iron mineralisationin the mine water are suchthat the water cannotbe discharged
directlyinto the natural environmentmakingtreatmenta necessityln the Lorrainecoalfield, the complete
treatment systemwill comprisethree treatment plantswith a maximumcumulativeflow rate estimatedat
1,000m%h. Theplants are of the passivetype with the mine water flowing over aeration cascadesnto
settling tanks and lagoonsplanted with reeds,before beingdischargednto the natural environment.Two
plantsare currentlyoperating,one since2009the other since2012. TheLaHouveplant, in operationsince
2009, has provided experienceover three years and this feedbackenablesa comparisonwith initial
predictions.

Thefirst resultsshowthat the modelfor decreasen the iron concentrationof the mine water usedinitially
doesnot fit with the LaHouvecase We haveformulateda hypothesisallowing adjustmentof the modelto
observationspther phenomenaemainto be studiedto explainthe behaviourof the minereservoir Where
treatment plant efficiencyis concerned98 per cent of iron is removedon averageand there is a seasonal
pattern.

1 Introduction

Whena mine operator canno longerbe traced,a number of legislativeprovisionsentrust the Frenchstate
with the responsibilityfor the facilitiesand equipmentneededfor managemenif the post closurephase.
In France the Bureaudesrecherchegéologiquest minieres(BRGM- FrenchNationalGeologicaSurvey)
hasbeentaskedwith operationalmanagemenbf post closuresince2008.

1.1 Geographicalsituation and brief historical background

TheLorrainecoalfield, in the north eastof France coversan areaof around500kmz (Figurel). Somel40
coalbedshavebeenworkedoverthe entire field, with thicknessegrom a few tens of centimetresto more
than four metres. In 150yearsof mining (1856—2004)around 800 million tonnes of coal were extracted
and 58 mine shaftswere sunkto depthsup to 1,250m. Thevolume of the residualcavitiesis estimatedat
180million m®(Mm?).
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Figurel Overallgeographicalsituation (source: BRGM,Charbonnagede France)

1.2 Geologicalcontext

Mines in the Lorraineregion worked coal at depths of between 150 and 1,250m. The coal seamslie
between sandstone,schist and conglomerate formations that together form the coal measures.The
groundmassof the coal measuress very fine and they are consideredto be only very slightly permeable
whenthey havenot beenworked (permeabilityaround10” to 10° m/s).

Thereis an unconformity between the overlyingPermianformation and the coal measuresmade up of
conglomerateswvith, at somepoints,a more clayeylevelat the base.Likethe coalmeasures ®xceptwhere
they are fracturedasaresultof mining 3he Permianformationis consideredo beimpermeable.

Lastly,the permocarboniferouss overlain by Triassicformations consisting,for the most part, of Lower
Triassicsandstone(LTs)outcroppingin the coalfield. The groundwaterin the LTsconstitutesthe region's
water resource usedboth by industryandfor drinkingwater.

1.3 Hydrogeological circulation and filling of mine cavities

Useof cavingtechniqueshascausedfracturingand subsidenceof the overlyingterrain (asmuchas15m of

subsidencein some places).In particular, fracturesin the Permianformations and in the coal measures
have made these formations permeable and large quantities of groundwater from the Lower Triassic
SandstongLTs)haveflowed into the mines,notably via the most severelyfractured areasdirectly above
the workings.Asaresultvastdrawdownconeshaveformedin the LTdayers.

Duringmining operations,mine dewateringflow rates reachedaround4,000m®h over the coalfield. The
short retention time of the water in the mine meant that it was not mineralised(Blachere,2003¥. The
drained water flowed through settling basinsand was sold for industrial use, with the surplus being
dischargedlirectlyinto the naturalenvironment.
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From the hydrogeologicaboint of view, the mine workingsform two separatereservoirs: the western
reservoirandthe centraleasternreservoir(Figure2). Stoppingof pumpingcausedthe minesto flood and
the minereservoirsto fill.

Figure2  Mine workings footprint and mine reservoirperimeters
2 The pumping and water treatment system

2.1  Purposesof pumping

Overthe 150yearsof mine operation, circulationof oxygenthrough the minescausedpartial oxidation of
the sulphurcontainingmineralspresentin the coal measuresgspeciallyof pyrite (Fe$). The products of
this oxidationare depositedon the wallsandin all of the fracturesin the workedzone.Whenthe minesare
floodedtheseoxidesgointo solution.

Inthe Lorrainecoalfield, there is ariskthat the risinghighly mineralisedmine water could contaminatethe
LTsaquifer via its base. The risk of mineralisedplumesis greater at the drawdown conesformed by
infiltration into the mine (ANTEA2004).

To avoid contaminationof the LTsaquifer, the mine water is to be pumped out of the reservoirto keep
pacewith the risein water level. Theaimis to keepthe mine reservoirlevelbelowthe low point of the LTs
groundwater.In this way, flow will alwaysbe from the groundwaterto the mine, thereby avoidingrise of
the mine water into the LTsgroundwater.
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Figure3 Thegeneral hydrogeological context of the Lorraine coal field (Source:CESAME)

Thesecondobjectiveof pumpingis protection of the built environment.In certain areasof subsidencehe
highestlevelof the LTswater table is at lessthan three metresfrom the surfaceor mayevenbe abovethe
current surfacelevel, which could be damagingto housesbuilt during the mining operations.Pumpingwill
alsomakeit possibleto maintainthe final level of the LTsgroundwaterat more than three metres below
the surface,thereby preservingthe built areas.In the areasof greatestvulnerability, this schemewill be
completedby 15 boreholesto lower the water level.

2.2 The solution adopted

Thefull systemfor control of risingwater levelsin the mine reservoirscomprisesthree pumpingstations
andwater treatment plants(the locationsof the units are shownin Figure2) :

X oneunitin the westernreservoir,commissionedt the end of 2009(LaHouve);

X two units in the centre and easternreservoir,of which the Simon5 unit was commissionedat the
endof 2012.

Thetwo units operatingcurrentlyin the Lorrainecoalfield are of the passivetype. Thedesignappliedis as
defined in the PIRAMID European research and development project: “passive treatment is the
improvement of water quality using only naturallyavailable energy sources,in gravityflow treatment
systems(suchaswetlandsor subsurfacdlow bioreactors)which are designedto require only infrequent
(albeitregular)maintenanceto operate successfullpver their designlives.” (PIRAMID2003).Theprinciple
andgeometriccharacteristic®f their operationis shownin Figure4 and Tablel.

Thevolume of the pondsis calculatedto ensurea retention time that is sufficientfor adequatesettling of
the iron hydroxides.

Thekineticsof precipitationare suchthat it takesprecedenceover that of manganeselt is only oncethe
iron is precipitated that the manganesecan oxidise and then precipitate. This will be provided for in
shallowlagoonsplantedwith macrophytes.
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1 — Aeration of the water by cascadingconvertsthe solubleiron into reddish,insolubleiron
hydroxide Settlingtakesplaceprogressively

3 — After a treatment run of around

two days,the water is checkedhen

discharged into the natural

environment
2 — Thewater then flows into lagoonsplanted
with reeds

Figure4  Principle of atreatment plant (Simon 5 unit)

Tablel Geometric characteristicsof an operating plant

Areaof Working

Plant Typeof basin Number water body volume
(m2) (m?)
Settlingponds 1 1,800 5,000
LaHouveunit
Lagoongplantedwith reeds 3 3,400 r
Settlingponds 2 3,000 8,000
Simon5 plant
Lagoongplantedwith reeds 2 3,400 r

2.3 Predictediron concentrations with the Younger model (Blachere, 2003y

Whena mineis flooded the oxidesformed when the mine wasoperatinggo into solution and oxidation of
the pyrite stopsrapidly due to lack of oxygen.Thisfirst phaseof filling of the mine therefore mobilisesa
finite stockof solubleiron. Thepeakiron concentrationin the mine water shouldbe obtainedat the end of
flooding in 2008. Theiron concentrationwill then decreasefollowing a dilution curve (equation 1). This
decreasdn iron concentrationover time wasstudiedand modelledby P.L. YoungerNewcastleUniversity,
UK)(Blachere2003¥.

The Youngermodel, derived from observationsof more than 80abandonedmines in Great Britain,
providesa useful predictive tool, proposingquantification of three parametersthat are characteristicof
mineflooding:

x Afirst mineralisationpeakat the end of mine flooding. Thismaximumconcentration(Cpeak)s a
function of the total sulphurcontent of the deposit.
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x Decreasein concentrationover time. The time by which the maximum concentrationis halved
(Cpeak/2)s equalto the filling time of the mine. Thisis a dilution model.

x Thefinal iron concentration(Cstab)in the resurgencewhichis alsoa function of the total sulphur
content of the coaland of the distanceof the resurgencerom areasof outcropping.Outcropsare
consideredaspotential sourcesof oxidationof the pyrite.

In 2003, when the mine operator conductedstudiesof mine flooding in the Lorraineregion,the Younger
model was compared with other coal extraction operations in France. The maximum and final iron

concentrationditted well with the model. Thekineticsof decreasevere in line with the observationamade
for smallmineswith shortfilling times. Forlargerreservoirs decreasdimeswere muchshorterthan those
predictedandthe phenomenonwasinterpreted aspartial mobilisationof the reservoirwater. Thetime by

whichthe maximumconcentrationwashalvedcorrespondedjn this caseto 10to 15 per centof the mine

filling time.

Inthe hydrogeologicatontextof LaHouve the hypothesisof partial mobilisationis acceptablesincewater
enters the mine via the top of the reservoir (LTs/coalmeasure contact) and pumping from the mine
reservoiris in the mine shaft above the coal measures.It is therefore probable that the water flows
preferentiallyviathe first levelsfractured by operationsandthat only the upper part of the mine reservoir
isleachedby pumping.

In the caseof the western La Houvereservoir,the valuesusedin the study are shownin Table2. The
decreasecurveis shownin Figure6.

Table 2 Concentrationsand characteristic times for the La Houve reservoir

Concentrationmg/L Time
Cpeak 98 (£ 25%) 0
Cpeak/2 49 (£ 25 %) 8to 20 months
Cstab 3to5 6 years
3 Feedbackfrom the LaHouve plant
3.1 Kinetics of filling of the mine reservoir

In the westernsectorof the Lorrainecoalfield, pumpingof mine water ceasedon 11 December2006.The
mine reservoir,with an estimatedvolumeof 18 Mm?, filled overtwo years,in three phaseqFigure5):

x Afirst rapidrise phase,observedbetweenlevels 5380m NGHFrenchelevationdatum)and 250m
NGF.This correspondsto flooding of the mine by declinesfrom the bottom of the shaft. The
residualvoid spaceof theselevelsis relativelysmallin comparisorwith the reservoirvolume.

X A secondphaseof rise, between 250 m NGFand +50m NGF,correspondingto filling of the
residualvoidsleft by the largestminingoperations.

x Athird, more rapid, filling phasein the fourth quarter of 2008.0Onthe assumptionthat there is no
increasein the rate of inflow into the mine during this period, this accelerationis interpreted as
filling of the fracturesin the coalmeasuresabovethe highestminingoperations.

Theend of filling of the coalmeasureds accompaniedy a sharpdrop in the rate of water rise. Theslower
risein potentiometriclevelafter filling of the mine reservoircorrespondgo the headresultingfrom risein
levelof the LTsgroundwater.
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Figure5 Water level in mine reservoir, western sector

3.2 Evolution in iron concentrations

The concentrationsobservedsince November2009 in the LaHouvereservoirdo not correspondto the
study forecasts the overalltrend emergingbeingone of slightincrease(Figure6). Takinga more detailed
view, the measuredconcentrationsshowa rise duringthe first two yearsof pumping(from 20to 40 mg/L).
Sincethe middle of 2011, the trend is not clear and the iron concentrationsare stable between 35and

40mg/L.

Figure6 Mine water iron concentrations, comparisonwith expected values(mg/L)
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The concentrationdecreasemodels indicate that immediately after the end of filling the concentration
gradientshouldbe the steepest.A decreasingrend shouldbe seenover the 2009-2010-201%eriod, all

the more so sincethe westernreservoiris well delimited and meetsthe limit conditionsof the Younger
model:

x the mine is completely flooded and there is no changein groundwater level favourable to
oxidation;

x the mineis under very thick overburdenand s far from any outcroppingof the coalthat could be
sourceareasof iron oxides.
3.3 Possibleexplanations and calibration of anew model

The predictive model usedis in the form of calculationof the residualconcentration(Cr), calculatedby
iteration asa function of residualconcentrationat time t 4. Theequationiswritten:

c V.G *+ 0.t Ena)-Gran (equationl)
o uati

" V+d.(tn) Enay)

Where:

x Cr(n):is the residualconcentrationat time t(n). The concentrationat time 0 is equalto the peak
concentration:Cr(0)= Cpeak.

X V: the volume of the reservoir mobilised during renewal by influxes of water. In the model
proposed originally, 10 per cent of the total reservoirvolume was used for calculation (Vtot =
18 Mm?).

X Cstabfinal reservoirconcentration.
X Q:waterinflow rate, at the origin of dilution in the reservoir.

Thetime stepusedin the calculationis equalto 1 month: (t(n) —t(n 4) =1 month).

Totake accountof concentrationaneasuredover three yearswhile remainingin line with Younger'smodel
we canassumea very slowdilution rate. Theparametersallowingpartial fit betweenobservationsandthe
modelare asfollows:

X Cpeak=40mg/L.
x Cstab=5 mg/L (the valuetakenin the initial modelisretained).
x Q=65mh (averagelow rate from start of pumping).

x Percentageof total reservoirvolume mobilised:80 per cent (valuewhich greatly reducesthe rate
of decreaseandallowsfor the measurement®f the pasttwo years).

In this case the risingtrend observedover the first two yearswould be consideredasa transient phaseof
mobilisationof the mine reservoir(850,000m* pumpedbetween November2009and July2011,i.e. 5 per
centof total reservoirvolume).

Table 3 givesdetails of the characteristicparametersused in the original model and new parameters
allowingpartiallyfor observationgFigure7).
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Table3 Characteristicvaluesusedin the Younger model

Parameter Cesamenodel ,
Hypothesis
(Blachere2003)
Cr(0)=Cpeak(mg/L) 98 40
Cstab(mg/L) 5 5
g (m3/h) 140 65
V,apercentageof 0 0
Viot=18 Mm® 10% 80%
a b

Figure7  Simulations to take account of observations. Original model (a), hypothesis (b)

Despite the preceding hypotheses, a strictly decrease model does not provide a truly convincing
explanationof the observations.Further experiencewill make it possibleto develop future scenarios.
Feedbaclkanalysisas conductedfor iron will be carried out for other substancesuchas manganeseand

sulphates.

Thedirect consequencdor the treatment plant manageris that the volumesof sludgegeneratedwill be
greaterthan initially foreseen.Althoughexceptional more frequent regular pond cleaningoperationswill
haveto be planned.

3.4 Efficiency of the LaHouve plant

Thelimit on iron concentrationto be compliedwith for dischargeinto the natural environmentis set, by
PrefectoralOrder,at 2 mg/L. Sucha high value hasneverbeenreachedsincecommissioningn November
2009(Figure8) andthe plantsremovalefficiencyis on averaged8 per cent, and is alwaysabove94 per cent
(Figure9).

A seasonapattern canbe observedwith a slightdrop in efficiencyin the winter (Figure9). Thisis attributed
to lower biologicalactivity in the reed lagoons.Theiron concentrationsat dischargeare generallybelow
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0.5mg/L and reachvaluescloseto 1 mg/L during the months when the vegetationis dormant (Kaiser,
2013).

Figure8 Iron concentrations at inlet (left scale)and at outlet (right scale)to the La Houve
treatment plant (from November 2009to February2013)

novalue
novalue

Figure9 Efficiencyof La Houve plant aspercentage of iron removed (November 2009to
February2013
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4 Conclusions

Thelevel of iron mineralisationof the mine watersin the Lorrainecoalfield is suchthat the water cannot
be dischargeddirectly into the natural environment and requires treatment. The solution adopted
compriseghree pumpingstationsand passivewater treatment by aeration,settlingandlagooning.

Studiesto predict the decreasein the iron content of the water were conducted by the former mine
operator,basedon the Youngemodeldevelopedat NewcastleUniversity(UK)on the basisof observations
from over 80 minesin GreatBritain. Themodel had been comparedwith other mine reservoirsin France
andadaptedby the consultingfirm CesameThekineticsof decreasditted well with observationgor small
mine reservoirswith short filling times. For larger reservoirs,the decreasetimes observedwere shorter
than those predictedand this phenomenonwasinterpreted asa partial mobilisationof the mine reservoir
volume(10to 15 per cent);this wasassumedn the caseof the LaHouvereservoir.

ThelLaHouvepumpingand treatment unit hasbeenin operationsince2009and feedbackon the western
mine reservoirshowsa notable differencebetweenthe iron concentrationsexpectedand those observed
over three years.Decreasen iron concentration,which should have been effective very rapidly, is not
observedand there appearsevento be a slightly rising trend. Thisdevelopment,contrary to forecasts,
could be explainedby the mobilisation of a much greater volume of the mine reservoir (around 80 per
cent).

For the BRGM,the manager of the treatment plant, maintained iron concentrationsimply greater
productionof sludgethan planned.Additionalpond cleaningoperationsare therefore to be includedin the
planningof operations.Theuncertaintiesrelatingto the quantitiesof iron to be treated supportthe former
operator'schoiceof a passivdareatment plant.

The phenomenonnonethelessremains complexand further experiencewill allow scenariosfor future
developmentto be more closelydefined. The analysisof feedbackconductedfor iron will be extendedto
other substancesuchasmanganesandsulphates.

References

BlachereA., Lefort D., (2003} Etudeprévisionnellede la qualité des eauxaprésremplissagedes minesdes secteursEst, Ouestet
Centre.Bureaud’étudesCesame.

BlachereA., LefortD., (ZOOSY Prévisiorde la qualité deseauxde lamine de LaHouve.

KaiserJ., avecla collaborationde Vicentin S. (2013) Bassinhouiller lorrain. Gestionde la station de pompageet station de
traitement des eaux de résurgenceminiére — Communede Creutzwald(57150), secteur Ouest. Rapportannuel 2012.
BRGM/RR1812FR,74p.,10fig.,15tabl., 21 ann.(3ann.envolumeséparé)

ANTEA(2004).SecteurOuest,U.E.LaHouve (57). Etatstransitoire et final deseauxsouterraineset superficiellesaprésarrét des
exhauresEtudehydrogéologiquest hydrologique RapportA 33301/A.

PIRAMIBConsortium(2003).Engineeringquidelinesfor the passiveremediationof acidicand/or metalliferousmine drainageand
similar wastewaters. European Commission5th Framework RTD Project no. EVKICTA9996000021 "Passivein situ
remediationof acidicmine/ industrialdrainage”(PIRAMID)Universityof NewcastleUpon Tyne,NewcastleUpon TyneUK.
166pp.

Mine Closure2013,Eden,UK | 11



	MC2013_copyright
	Treating mine waters in the Lorraine coal field _ KOEBERLE et al_final

