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Background

Currently groundwater flow and transport in Florida springsheds
IS simulated using equivalent porous medium models
(MODFLOW)

Models exist that could account for the presence of conduits in
the subsurface (i.e. MODFLOW-USG, MODFLOW-CFP,
FEFLOW, DisCo)

Thus questions arise:

How does the inclusion of conduits change model parameters,
model predictions?

Does including conduits lead to a model that will improve
management decisions?

Problem: We don’t know where they are!



Project Objectives

Goal 1: Develop a conduit dissolution model to generate conduit
networks that honor what is known about the topography, geology,
hydrology and climate of the system

Goal 2: Conduct Morris Method Global Sensitivity Analysis to
understand most important model parameters that influence how
karst conduit networks evolve

Goal 3: Conduct Monte Carlo simulation of conduit generation,
groundwater flow and conservative solute transport for conditions
representative of the Silver Springshed



Conduit Generation Model

Initial paleokarst template
(HPF with random
length/density/ orientation)

r Conduits Simulation v

Solve flow equation in B Outlet locations (springs)
matrix-HPF system (fixed and/or random)

|

Enlarge HPP as a Pore water — HPF velocities
function of mass
carbonate dissolved,
rock density, l
fracture surface area ] Solve simplified calcium Inlet locations (VPF)
transport/dissolution (fixed and/or random)
equations (Dreybrodt, 2003)
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Resulting network

Conduit generation is simulated with DisCo (de Rooij et al , 2013)
Conduits are generated by dissolving horizontal and vertical preferential pathways within the
porous matrix using a reactive-solute transport model.



Model Domain, Boundary Conditions and Set up

Silver Spring Site Map and 1000 Year Capture Zone
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How long should we evolve networks?

A CASE 14 Conduit Flow at Steady-State B CASE 14 Conduit Flow at 20,000 Years c CASE 14 Conduit Flow at 25,000 Years
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Network and contributing area stabilize when steady spring flow Is
achieved. Compare networks at this point in time.



Morris Method Global Sensitivity Analysis

Parameters

Parameter  lUnits | Probability Distribution’ _[Source |
LA Count U(2500, 4000) [Vernon, 1951]

Degrees Fixed 45° [Vernon, 1951]

Degrees Fixed 315° [Vernon, 1951]

Degrees  U(0°, 60°) Estimated
G unitless U(0.75, 2.00) Estimated

HPFtheta N U(4000, 6000) Estimated
_ [Denizman, 1998; Ford and
VPF Number count U(250, 500) Williams, 2013]

unitless U(0.25, 0.40) [Langston et al., 2012b]

m st LU(1E-4, 1E-8) [Heath, 1983]

m-! U(1E-4, 1.00E-6) [Batu, 1998]

m s Fixed 1E-3 [Heath, 1983]

unitless Fixed 0.3 [Langston et al., 2012b]
uk Fixed 1E-4 [Batu, 1998]

Horizontal and vertical preferential flowpath (HPF and VPF) and matrix properties for Morris Method Global Sensitivity Analysis.
*U(minimum, maximum) uniform distribution probability range for GSA
LU(minimum, maximum) is log uniform distribution probability range for GSA



Morris Method Sensitivity Plot
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Comparison of behavioral and non-behavioral
networks
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Hydrographs and BTC for Behavioral Ensemble
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Behavioral networks showed significant variation in hydraulic heads
and fluxes
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Monte Carlo Simulation

Fix conduit network statistics and porous matrix properties and evaluate
the influence of uncertainty of random conduit configuration on flow and
transport in an idealized Silver Springshed

Theta e sy C:Ir:,:t::':::lct S[PICET: Porosit :Ita::a:ﬁ:
of VPF | of HPF ) y (°) Y -1g
(ms?) (m™)

500 20

Case 14 1.17 6000 3000 0.0001 0.25 3.4E-05
Case 81 1.58 4000 200 3500 0.0001 40 0.35 6.7E-05
Average 1.375 5000 350 3250 0.0001 30 0.3 5.1E-05

Selected 1.5 5000 350 3250 0.0001 30 0.3 1.0E-05
EIEINEES




Results for Behavioral Replicates

Behavioral Ensemble Breakthrough Curve
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For Behavioral Replicates: For Behavioral Replicates:
Mean steady spring flow 29.2 m3/s Mean Peak Travel Time= 16 yr
Std Dev steady spring flow: 0.15 m3/s Std Dev Peak Travel Time = 1 yr

Only 37/400 were behavioral for both hydraulic heads and spring flows!



Backward Pulse Monte Carlo
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Example Behavioral network: Case 79
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Backward Pulse Monte Carlo

o Mean Head A = Mean Total Mass B
100000 H 100000 MO
'Am 0.0005
0.0004
7 0.0002
80000 80000 00002
0
< <
60000 60000
40000 40000
20000 /\ 20000
20600 40[']00 mo 20000 40000 60000
x X
126000 k i | 1200001 d d k H I
Mean pea arrival c St ev pea arriva
A
100000 P 100000} P
100 100
90 a0
80 80
70 70
80000 ) 80000} 60
50 50
40 10
- 30 - 30
20 20
80000 10 60000} 10
1} o]
40000 40000}
20000 20000}

5000 )20600 0000

SO000

TO000
X

0000

Backward Pulse EPM

100000

80000

60000

40000

20000

20000 40000 X 60000

80000

Total Mass

MO
0.0005

1 0.00045

0.0004
0.00035
0.0003
0.00025
0.0002

— 0.00015
| 0.0001

5E-05
0

C Peak arrival time

D Mean arrival time

MIN




Conclusions

Conduits tended to develop in topographic lows that drained nearby high regions. Steady
springflow occurred when the conduit network reached a stable configuration and the
springshed contributing area stabilized.

MM-GSA indicated that parameters that increased paleokarst connectivity and decreased
porous matrix conductivity were the most influential in producing first magnitude
springs.

Limited combinations of porous media and paleokarst template parameters resulted in
the evolution of conduit networks that generated springflows and head distributions that
resembled Silver Springs

In addition to the sensitive parameters identified by the Morris Method, the actual
random VPF and HPF placements and their resulting connectivity exerted large influence
on whether conduit networks evolved that produce first magnitude springs.



Conclusions

Monte Carlo simulation for parameters representative of Silver Springs showed
generation of spring flow was “all or nothing” indicating that for high hydraulic
conductivity systems specific paleokarst connectivity is very important.

Behavioral replicates showed very low variability in flow and transport predictions
Indicating that incorporating preferential flow processes into the hydrologic model is
Important, but that once incorporated flow and transport behavior at springs can be
predicted with relatively low uncertainty.

Backwards tracer pulse experiments showed a large vulnerable region stretching north
and south of the spring where peak travel times of less than 30 years are predicted for the
behavioral replicates with low uncertainty.

Conducting a similar Monte Carlo analysis of behavioral networks and backwards tracer
pulse experiments on a calibrated Silver Springs model could enhance current efforts to
identify vulnerable areas of the Silver Springshed that could be targeted for management
Interventions.
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Y RAMIFORM AND
ANASTOMOTIC N SPONGEWORK

Figure 1. Common patterns of solutional caves: (a) branchwork: Crevice Cave, Missouri
(Joachim Fm.); (b) network: part of Crossroads Cave, Virginia (New Scotland Fm.),
(c) anastomotic: part of Hijlloch, Switzerland (Cretaceous Schrattenkalk), (d) ramiform and
spongework: Carlsbad Cavern, New Mexico (Capitan Fm.). E = entrance. Because of their
small width-to-length ratio, passages in a and b are shown as solid lines. Maps reproduced with
permission of {a) Paul Hauck, (b) H. H. Douglas, (c) Alfred Bogli, (d) Cave Research
Foundation.
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Conceptual Model Underlying Karst Evolution
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From “Evolution of Karst in the Lower Suwannee River Basin Florida”, Denizman, 1998



Silver Springs Capture Zone and Model Domain
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Example behavioral network (case 79) reverse unit
solute pulse from spring ( 1 month animation)
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Example behavioral network (case 79) reverse unit
solute pulse from spring (10 year animation)
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Example Behavioral network: Case 79
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Example Behavioral network: Case 83
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