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Objective of modelling Objective of modelling j gj g
for EBDfor EBD

Develop a model that simulates Develop a model that simulates 
baseline conditionsbaseline conditionsbaseline conditionsbaseline conditions
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Baseline ConditionsBaseline ConditionsBaseline ConditionsBaseline Conditions
Groundwater Elevations R hGroundwater Elevations

On-site groundwater discharge

Recharge
(meteoric)

On site groundwater discharge
Recharge
(leakage)

Off-site groundwater discharge
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Groundwater DischargeGroundwater DischargeGroundwater DischargeGroundwater Discharge
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2007 model:  Sub2007 model:  Sub--watershedswatersheds
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InterInter--watershed watershed 
flow for water flow for water flow for water flow for water 

balancebalance
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NK100B

Surface water Surface water NK100C

NK119A

UT100E

UT100D

Surface water Surface water 
gaging stationsgaging stations

UT100LF1
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SK100G

UT100LF1

SK124A

SK134A

SK100FSK119A

SK100LF6

SK100D

SK100LF4

UT100B

SK100C

SK100B
SK100LF7SK100LF8

UT100LF7

UT100LF6

UT119B

UT100LF8

1212UT100A



Geology SamplesGeology SamplesGeology SamplesGeology Samples
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GeologyGeology
Drill hole logDrill hole log
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Geology simplificationGeology simplificationGeology simplificationGeology simplification

Geologic type a:  Geologic type a:  
– Clean gravelsg
– major aquifers
Geologic type b:  Geologic type b:  Geologic type b:  Geologic type b:  
– Silty materials with sands

minor aquifers– minor aquifers
Geologic type c:  Geologic type c:  
– Primarily silt
– aquitards
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GeologyGeologyc

Drill hole logDrill hole log
with classificationswith classificationswith classificationswith classifications

b
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GeologicGeologicGeologicGeologic
InterpretationInterpretation

bedrock
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Model LayersModel LayersModel LayersModel Layers

2006 20072006 2007

overburden

fractured

bedrock

bedrock

1818



Model Layers (2006)Model Layers (2006)
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Integrated ApproachIntegrated ApproachIntegrated ApproachIntegrated Approach

Water balance modelWater balance modelWater balance modelWater balance model
Groundwater modelGroundwater model
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Model SchematicModel SchematicQ Model SchematicModel SchematicQin

W t B lQ Water BalanceQsw

Qgwgw

Groundwater 
K Model
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Reasons for integrated Reasons for integrated gg
modellingmodelling

Water Balance:Water Balance:
– Groundwater flows consistent with overall Groundwater flows consistent with overall 

water balance
Increases uniqueness of groundwater model– Increases uniqueness of groundwater model

Numerical groundwater model:Numerical groundwater model:
– Checks the validity of groundwater component 

of water balance
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Water Balance ModelWater Balance Model
analytical spreadsheet modelanalytical spreadsheet model
calibrated to monthly streamflowcalibrated to monthly streamflow

Sublimation
Precipitation

snowrain

calibrated to monthly streamflowcalibrated to monthly streamflow

Evapotranspiration
Snow Storage

Recharge

Evapotranspiration
Stream
leakage

Unsat. 
zone 

storage

Groundwater 
Storage

Discharge 
to streams Storageto streams

Downgradient 
groundwater
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Groundwater ModelGroundwater Model
Numerical finite difference model (MODFLOWNumerical finite difference model (MODFLOW--
SURFACT)SURFACT)
Calibrated to observed groundwater elevations (heads), Calibrated to observed groundwater elevations (heads), 
output from water balance output from water balance andand lowlow--flow streamflowsflow streamflows

Groundwater Elevations

On site groundwater discharge

Recharge

On-site groundwater discharge River 
Leakage

Off it d t di hOff-site groundwater discharge

2626Groundwater from upstream



Modelling Time PeriodModelling Time PeriodModelling Time PeriodModelling Time Period

Water Balance ModelWater Balance Model
– Inputs:  January 1942 – July 2006Inputs:  January 1942 July 2006
– Calibration:  July 2004 – May 2006

G d  M d l G d  M d l Groundwater Model Groundwater Model 
– Phase I:  steady state
– Phase II:  Jan 05 – Dec 05
– Phase III:  Jan 05 – Dec 06Phase III:  Jan 05 Dec 06
– Phase IV:  Jan 05 – Dec 07
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Area of Area of 
I t tI t tInterestInterest
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Numerical Model InputsNumerical Model InputsNumerical Model InputsNumerical Model Inputs

Temporal DiscretizationTemporal Discretization
Layer Elevations Layer Elevations 
Recharge Recharge 
Hydraulic ConductivityHydraulic ConductivityHydraulic ConductivityHydraulic Conductivity
River ElevationsRiver Elevations
River ConductanceRiver ConductanceRiver ConductanceRiver Conductance
Seep LocationsSeep Locations
S  C d tS  C d tSeep ConductanceSeep Conductance
Edge BoundariesEdge Boundaries
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Temporal DiscretizationTemporal DiscretizationTemporal DiscretizationTemporal Discretization

Water balance:  Water balance:  
– calibrated to average monthly flowsg y

Groundwater model: Groundwater model: 
– Monthly “stress periods”

h  i     i d– three time steps per stress period

J 07 J 08
12 stress periods per year

Jan 05 Jan 06 Jan 07 Jan 08
p p y

3 time steps per month

3131

3 time steps per month    



Model CrossModel Cross--Section LocationSection Location
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Frying Pan Lake

UT1.190

3232
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M t i  R h g  ZM t i  R h g  ZMeteoric Recharge ZonesMeteoric Recharge Zones

Total recharge for a given watershed Total recharge for a given watershed 
derived from water balance modelderived from water balance modelderived from water balance modelderived from water balance model
Factors considered distributing meteoric Factors considered distributing meteoric 

h  ithi   t h dh  ithi   t h drecharge within a watershedrecharge within a watershed
– slope
– hydraulic conductivity
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Steep slope zonesSteep slope zonesp pp p
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Silty materials at surfaceSilty materials at surfaceSilty materials at surfaceSilty materials at surface
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Meteoric Recharge ZonesMeteoric Recharge Zones
CloseClose--upup

St l b dSteep-slope boundary

Silty-material boundary
Watershed boundary

Silty-material boundary
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Meteoric Recharge ZonesMeteoric Recharge Zones
Full Model DomainFull Model Domain

Steep-slope boundary

Watershed boundarySilty-material boundary
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Transient Meteoric RechargeTransient Meteoric Recharge
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River BoundariesRiver BoundariesRiver BoundariesRiver Boundaries
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River StageRiver Stage
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River TypeRiver Typeypyp

Legend

Large Catchment

Legend
River Type
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Transient River Stage and Transient River Stage and gg
WidthWidth

SpringSpring

Winter
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SeepsSeepsSeepsSeeps
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Seepage BoundariesSeepage Boundaries
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Specified Head BoundarySpecified Head Boundary
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Equivalent KEquivalent Khh’s and K’s and K ’s’sEquivalent KEquivalent Khh s and Ks and Kvv ss

a: K

Geology Model Layer

b1 a:  K1
Kh =

K1b1 + K2b2
b

b1

c:  K2b2

K = bKv = b1/K1 + b1/K2

K1 >> K2
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Layer 1 Hydraulic ConductivityLayer 1 Hydraulic Conductivityy y yy y y

Equipotential Plot
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Calibration TargetsCalibration TargetsCalibration TargetsCalibration Targets

Observed data:Observed data:
– Groundwater elevations (heads)( )
– Low-flow streamflows
Estimated flows:Estimated flows:Estimated flows:Estimated flows:
– Recharge rate

Off it  d t  di h– Off-site groundwater discharge
– On-site groundwater discharge
Calibrating to both heads Calibrating to both heads and and flows flows 
increases model uniquenessincreases model uniqueness

5252
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Groundwater Groundwater 
El ti  El ti  Elevation Elevation 

Calibration Calibration 
Targets:Targets:

Layer 1, Layer 1, 
OverburdenOverburden
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1313

9Calibration targets:Calibration targets: 9
12
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gg
OffOff--site site 

g d t  g d t  
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8 5

10groundwater groundwater 
dischargedischarge

4 6
7

gg

11
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Calibration Targets:  Calibration Targets:  gg
OnOn--site groundwater dischargesite groundwater discharge

On-site groundwater dischargeOn site groundwater discharge
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Calibration Targets:  Calibration Targets:  gg
SummarySummary

>1,000  groundwater elevation >1,000  groundwater elevation 
measurementsmeasurements
144 off144 off--site groundwater discharge site groundwater discharge 144 off144 off--site groundwater discharge site groundwater discharge 
estimatesestimates
144 on144 on--site groundwater discharge site groundwater discharge 
estimatesestimates
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Head Calibration:Head Calibration:
Overburden and BedrockOverburden and BedrockOverburden and BedrockOverburden and Bedrock

All AreasAll Areas
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Head Calibration Time Series:  Head Calibration Time Series:  
KPKP--P3S (Area 3)P3S (Area 3)
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Head Calibration Time Series:  Head Calibration Time Series:  
MWMW--1S1S
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Flow Calibration (2007):  Flow Calibration (2007):  ( )( )
Total Annual FlowsTotal Annual FlowsRecharge (ft3)
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Area 5 Area 5 
Discharge to Area 4 vs. Area 7Discharge to Area 4 vs. Area 7

Water Balance Model  Frying Pan 
Lake

Area 4: Q=66%

Area 7: Q=34%
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Flow Calibration: Flow Calibration: 
SFK LSFK L Fl  St flFl  St fl
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Model OutputModel OutputModel OutputModel Output

Groundwater ElevationsGroundwater ElevationsGroundwater ElevationsGroundwater Elevations
PathlinesPathlines
OnOn--site groundwater discharge site groundwater discharge 
(discharge to rivers)(discharge to rivers)(discharge to rivers)(discharge to rivers)
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Groundwater Groundwater 
ElevationsElevations
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Groundwater Elevations:Groundwater Elevations:
South Fork KoktuliSouth Fork Koktuli
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Groundwater Elevations:Groundwater Elevations:
Groundwater Divide to Groundwater Divide to Groundwater Divide to Groundwater Divide to 

UT1.190UT1.190
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Pathlines:Pathlines:
Divide to UT1.190Divide to UT1.190

(Area 7)(Area 7)(Area 7)(Area 7)

UT1.190
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Simulated discharge to rivers:  Simulated discharge to rivers:  Simulated discharge to rivers:  Simulated discharge to rivers:  
Sept 05Sept 05

Frying Pan Lake
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Simulated discharge to rivers:Simulated discharge to rivers:gg
Sept 05 (SFK)Sept 05 (SFK)

Frying Pan Lake

SFK discharge zoneLegend
UT1.190

Strong Discharge

Moderate Discharge

Legend

Moderate Discharge

Moderate Recharge

Strong RechargeStrong Recharge
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Simulated discharge to seeps:   Simulated discharge to seeps:   Simulated discharge to seeps:   Simulated discharge to seeps:   
March 05March 05
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Model Parameters vs. Field Model Parameters vs. Field 
M   O b dM   O b d

Overburden Hydraulic Conductivity (Response and Pumping Tests)

Measurements:  OverburdenMeasurements:  Overburden
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Model Parameters vs. Field Model Parameters vs. Field 

B d k H d li C d i i (R d P i T )

Measurements:  BedrockMeasurements:  Bedrock
Bedrock Hydraulic Conductivity (Response and Pumping Tests)
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Where we go from hereWhere we go from hereWhere we go from hereWhere we go from here

Improve head calibration while Improve head calibration while 
maintaining flow calibrationmaintaining flow calibrationmaintaining flow calibrationmaintaining flow calibration
More iterations between groundwater More iterations between groundwater 

d l d t  b ld l d t  b lmodel and water balancemodel and water balance
Simulate pumping testsSimulate pumping testsp p gp p g
Uncertainty analysisUncertainty analysis
D  ll iD  ll iData collectionData collection
– Investigations in new areas

8080
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Questions …Questions …
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