
G d t d d tG d t d d tGroundwater and groundwater 
recharge in mountain hydrology
Groundwater and groundwater 

recharge in mountain hydrology

John L. Wilson 
jwilson@nmt.edu

John L. Wilson 
jwilson@nmt.edujwilson@nmt.edujwilson@nmt.edu

Dept. of Earth & Environmental Science Dept. of Earth & Environmental Science p
New Mexico Inst. of Mining & Technology

Socorro, New Mexico

p
New Mexico Inst. of Mining & Technology

Socorro, New Mexico

1



AcknowledgementsAcknowledgements

– SAHRA, an NSF-supported Science and Technology 
Center,

– SAHRA, an NSF-supported Science and Technology 
Center,

– NM EPSCoR, an NSF supported science program

National Science Foundation

– NM EPSCoR, an NSF supported science program

National Science Foundation– National Science Foundation

– Huade Guan, Jirka Simunek, Todd Umstot, Jesus Gomez, 

– National Science Foundation

– Huade Guan, Jirka Simunek, Todd Umstot, Jesus Gomez, 
Jevon Harding, Fred Phillips, Marty Frisbee, Jan Hendrickx Jevon Harding, Fred Phillips, Marty Frisbee, Jan Hendrickx 

2



Important subsurface processesImportant subsurface processesImportant subsurface processes
above the mountain front 

Important subsurface processes
above the mountain front 

Di id d i t thDi id d i t thDivided into three groups.

These are processes that control:

Divided into three groups.

These are processes that control:

– how much water enters the 
mountain block at the surface and 
near surface, i.e. deep percolation 
into the mountain block leading to 

– how much water enters the 
mountain block at the surface and 
near surface, i.e. deep percolation 
into the mountain block leading to 
mountain block recharge

– how water moves through the block, 
interacting with geology and surface 
f t ( t d ) i

mountain block recharge

– how water moves through the block, 
interacting with geology and surface 
f t ( t d ) ifeatures (streams, meadows), i.e. 
mountain vadose & groundwater 
hydrology

how water leaves the block and

features (streams, meadows), i.e. 
mountain vadose & groundwater 
hydrology

how water leaves the block and

Sandia Mountains & Albuquerque Basin
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– how water leaves the block and 
enters the adjacent basin, i.e., 
mountain front recharge

– how water leaves the block and 
enters the adjacent basin, i.e., 
mountain front recharge



Important spatial scalesImportant spatial scalesImportant spatial scales
above the mountain front 
Important spatial scales

above the mountain front 

Deep percolation at the 
hill l l th
Deep percolation at the 
hill l l thhillslope scale, across the 
soil bedrock interface, 
leading to recharge at the 

hillslope scale, across the 
soil bedrock interface, 
leading to recharge at the g g
mountain water table

G d t fl

g g
mountain water table

G d t fl
Sandia Mountains & Albuquerque Basin

Groundwater flow 
(& upwelling) at the 
mountain scale, through 

Groundwater flow 
(& upwelling) at the 
mountain scale, through 
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, g
the entire mountain bock.

, g
the entire mountain bock.



MotivationMotivationMotivationMotivation
How does recharge and groundwater flow 

b th t i f t h if th
How does recharge and groundwater flow 

b th t i f t h if thabove the mountain front change if, e.g., the 
vegetation cover changes?
above the mountain front change if, e.g., the 
vegetation cover changes?

LoggingRodeo-Chediski 
Fi LoggingFire

For example, 
abrupt vegetative change

Hayman Fire 
Burn Are

Beetle Kill

abrupt vegetative change
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Burn Area
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Maps of potential total deep percolationMaps of potential total deep percolationMaps of potential total deep percolation 
Northern NM mountains

Maps of potential total deep percolation 
Northern NM mountains

Jemez MountainsJemez Mountains Sangre de Cristo MountainsSangre de Cristo Mountains

11 22

1. Jemez Mountains

2. Southern part of 
Sangre  de Cristo 
Mountains
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Hillslope scaleHillslope scale

• Concerns the roles of • Concerns the roles of 
–precipitation, –precipitation, 
–evapotranspiration,–evapotranspiration,

–vegetation, and –vegetation, and 

Unlike typical hillslope studiesUnlike typical hillslope studies

–vadose zone processes in the thin mantel of soil 
overlying the bedrock. 

–vadose zone processes in the thin mantel of soil 
overlying the bedrock. 

• Unlike typical hillslope studies,
–which assume impervious bedrock,
–the focus is on partitioning of water to the bedrock, 

• Unlike typical hillslope studies,
–which assume impervious bedrock,
–the focus is on partitioning of water to the bedrock, 
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the focus is on partitioning of water to the bedrock, 
and 
–the controls on that partitioning

the focus is on partitioning of water to the bedrock, 
and 
–the controls on that partitioning



Characteristics above the Characteristics above the 
MORE

Precip.
Snow
Veg LAI

MORE
Precip.
Snow
Veg LAI

LESS
PET
Soil

LESS
PET
Soil

mountain front (semi-arid)mountain front (semi-arid)
Veg. LAI
Actual ET
RO
Recharge

Veg. LAI
Actual ET
RO
Recharge

Valles Caldera
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Three HillslopesThree Hillslopes

Ponderosa and Pinon-Juniper 
forest (east slope of Sandias)
Ponderosa and Pinon-Juniper 
forest (east slope of Sandias)forest (east slope of Sandias)

• sloping surface (aspect & slope important)

• thin soil cover 

forest (east slope of Sandias)

• sloping surface (aspect & slope important)

• thin soil cover 
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• different bedrock types

• faults, fractures, and deformation 
features 

• different bedrock types

• faults, fractures, and deformation 
features 



Important aspectsImportant aspectsImportant aspects 
at the hillslope scale:

Important aspects 
at the hillslope scale:

• Partitioning of rainfall 
and snowmelt into 

vegetation controlled

• Partitioning of rainfall 
and snowmelt into 

vegetation controlled
ET

– vegetation-controlled 
evapotranspiration, 

– surface runoff, 

– vegetation-controlled 
evapotranspiration, 

– surface runoff, 
– interflow in the soil above 

the bedrock, and 
– deep percolation into 

– interflow in the soil above 
the bedrock, and 

– deep percolation into 
bedrock, especially its 
fractures and faults. 
bedrock, especially its 
fractures and faults. 
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Simple Hillslope ModelSimple Hillslope Model

• 2D Hillslope scale, 10 to 100 m
• Shallow soil cover (~1m)

overlying bedrock (>1m)

• 2D Hillslope scale, 10 to 100 m
• Shallow soil cover (~1m)

overlying bedrock (>1m)

Spatial Domain:Spatial Domain:

Interflow =Interflow =overlying bedrock ( 1m)
– Several kinds of soil profiles
– Soils with and w/o macropores

• Two types of bedrock

overlying bedrock ( 1m)
– Several kinds of soil profiles
– Soils with and w/o macropores

• Two types of bedrock

1infiltrationinfiltration
flux2 - flux1flux2 - flux1

Two types of bedrock
– Unwelded tuff (no fractures)
– Granite (with fractures)
– Smooth and rough bedrock

Two types of bedrock
– Unwelded tuff (no fractures)
– Granite (with fractures)
– Smooth and rough bedrock

percolationpercolation2

Deep PercolationDeep Percolation– Smooth and rough bedrock 
surfaces

– Smooth and rough bedrock 
surfaces

eep e co at oeep e co at o
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Simple Hillslope ModelSimple Hillslope Model

• Simulations with Richard’s 
Equation

– Hydrus 2D
M d f t

• Simulations with Richard’s 
Equation

– Hydrus 2D
M d f t

• Two temporal conditions
– Steady state with prescribed 

infiltration at the soil surface 
representing the climate

• Two temporal conditions
– Steady state with prescribed 

infiltration at the soil surface 
representing the climate– Macropores and fractures 

handled with a composite 
function

• Sloped surfaces with and 

– Macropores and fractures 
handled with a composite 
function

• Sloped surfaces with and 

representing the climate 
condition

• No explicit ET or snow
– Transient with ET and snow

representing the climate 
condition

• No explicit ET or snow
– Transient with ET and snowp

without vegetation
– With vegetation includes ET 

and snowmelt
• Energy balance (TVET)

p
without vegetation

– With vegetation includes ET 
and snowmelt

• Energy balance (TVET)

• Daily times steps = no RO
• Minute time steps =RO (not 

shown)
• Years of simulations under 

• Daily times steps = no RO
• Minute time steps =RO (not 

shown)
• Years of simulations under gy ( )

• Snow and interception
gy ( )

• Snow and interception different weather and 
climate conditions, eg

– Snowmelt contributions
– Monsoon contributions

different weather and 
climate conditions, eg

– Snowmelt contributions
– Monsoon contributions
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– Variable PET/P– Variable PET/P



Relative Water Availability, RRelative Water Availability, R

Deep percolation is largely determined by  
R = water availability / bedrock conductivity

Deep percolation is largely determined by  
R = water availability / bedrock conductivityy y

– water availability (net infiltration) depends on 

y y

– water availability (net infiltration) depends on 
• slope steepness and aspect, 

e.g., due to its affect on  ET, and
• vegetation and climate. 

• slope steepness and aspect, 
e.g., due to its affect on  ET, and

• vegetation and climate. 
– bedrock conductivity depends on

• matrix and fracture characteristics
– bedrock conductivity depends on

• matrix and fracture characteristics
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Relative Water Availability, RRelative Water Availability, R
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Relative Water Availability, RRelative Water Availability, R

The primary controls on deep percolation are 
water availability and bedrock conductivity. 
The primary controls on deep percolation are 
water availability and bedrock conductivity. 

R<<1 (limited by water availability)R<<1 (limited by water availability) 80

100
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Simulations

Fitted curve:

– little water available and 
bedrock can handle all of it

– little water available and 
bedrock can handle all of it
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bedrock can handle all of it. 
– percolation similar to net infiltration
– very sensitive to climate variability and change. 

bedrock can handle all of it. 
– percolation similar to net infiltration
– very sensitive to climate variability and change. 
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Relative Water Availability, RRelative Water Availability, R

The primary controls on percolation are 
water availability and bedrock conductivity. 
The primary controls on percolation are 
water availability and bedrock conductivity. 

R>>1 (limited bedrock conductivity)R>>1 (limited bedrock conductivity) 80
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Simulations

Fitted curve:

– much more water than the 
bedrock can handle. 
percolation limited by the

– much more water than the 
bedrock can handle. 
percolation limited by the
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– percolation limited by the 
bedrock saturated conductivity & 
(at least for steady state conditions)

– percolation limited by the 
bedrock saturated conductivity & 
(at least for steady state conditions)
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– is insensitive to climate and vegetation change. – is insensitive to climate and vegetation change. 



Relative Water Availability, RRelative Water Availability, R

The primary controls on percolation are 
water availability and bedrock conductivity. 
The primary controls on percolation are 
water availability and bedrock conductivity. 

• Most sensitive near R =1 to 10 • Most sensitive near R =1 to 10 80

100

PE
f 

(%
)

Simulations

Fitted curve:

• percolation processes change rapidly

• The control switches
f

• percolation processes change rapidly

• The control switches
f
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• from water availability to bedrock

• Switch can occur locally due to
• lithology vegetation or local climate

• from water availability to bedrock

• Switch can occur locally due to
• lithology vegetation or local climate
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• lithology, vegetation or local climate, 
• even changing along or across a single ridgeline or 

meadow. 

• lithology, vegetation or local climate, 
• even changing along or across a single ridgeline or 

meadow. 



Significant quantities of recharge?Significant quantities of recharge?

• Low relative water availability, R, suggest high 
percolation efficiencies, 

• Low relative water availability, R, suggest high 
percolation efficiencies, 
– But it could simply be a very dry climate 

with little water available to recharge. 
– But it could simply be a very dry climate 

with little water available to recharge. 

• High relative water availability, R, can simply 
indicate “impermeable” bedrock

• High relative water availability, R, can simply 
indicate “impermeable” bedrock

• In either case deep percolation might be 
negligible.

• In either case deep percolation might be 
negligible.
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Significant quantities of recharge?Significant quantities of recharge?

But it doesn’t take much bedrock conductivity 
to create significant percolation in semi-arid 
climates

But it doesn’t take much bedrock conductivity 
to create significant percolation in semi-arid 
climatesclimates, 
– say recharge rates of 30mm/yr or more. 
– you get this with a threshold bedrock permeability 

climates, 
– say recharge rates of 30mm/yr or more. 
– you get this with a threshold bedrock permeability you ge s a es o d bed oc pe eab y

of 1.010-16 m2 or more
• at or above which deep percolation can be significant.

Higher bedrock conductivities yield higher

you ge s a es o d bed oc pe eab y
of 1.010-16 m2 or more

• at or above which deep percolation can be significant.

Higher bedrock conductivities yield higherHigher bedrock conductivities yield higher 
potential recharge rates, 

• 100’s – 1000’s mm/yr

Higher bedrock conductivities yield higher 
potential recharge rates, 

• 100’s – 1000’s mm/yr
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Slope SteepnessSlope Steepness

• More recharge on less 
steep slopes

• More recharge on less 
steep slopes

Sandy Loam + Rock

7.0

8.0
a

Silt + Rock

7.0

8.0
c

• More recharge 
downslope

• More recharge 
downslope

5.0

6.0

PI
  

0 305

5.0

6.0

PI

40-50m

60-70mdownslope 
– where the moisture 

redistributes
and soil becomes

downslope 
– where the moisture 

redistributes
and soil becomes

40-50m            60-70m           80-90m
PI = 4.94x-0.125 = 4.76x-0126 = 3.97x-0.168

3.0

4.0

0.0 0.1 0.2 0.3 0.4

P I = 3.18*slope-0.305

3.0

4.0

0.0 0.1 0.2 0.3 0.4

60 70m

80-90m

– and soil becomes 
saturated 

– especially for finer 
grained soils

– and soil becomes 
saturated 

– especially for finer 
grained soils

slope

PI = percolation / interflow

slope
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grained soilsgrained soils

Steady state simulations



Soil CharacteristicsSoil Characteristics

7.0
a

• Soil characteristics
– type, thickness, layering

influence recharge

• Soil characteristics
– type, thickness, layering

influence recharge

upslope interval

6.0

PI
 

– influence recharge 
mainly by controlloing 
downhill interflow and 
leading to soil saturations

– influence recharge 
mainly by controlloing 
downhill interflow and 
leading to soil saturations sandy loam

5.0
leading to soil saturations 
high enough to activate 
bedrock fractures.

– percolation is always

leading to soil saturations 
high enough to activate 
bedrock fractures.

– percolation is always
thin sandy loam
silt/sand

sandy loam
sandy loam/clay
sandy loam/sand
silt
silt/clay

4.0
0.00 0.10 0.20 0.30 0.40

slope

– percolation is always 
larger for double soil-
cover slopes

• bottom layer =

– percolation is always 
larger for double soil-
cover slopes

• bottom layer =
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bottom layer 
clay or sand
bottom layer 
clay or sand PI = percolation / interflow

Steady state simulations



Bedrock TopographyBedrock Topography
Is less important than hypothesized, at least for these steady-state 2D simulations.

• Depressions on the 
bedrock surface 
facilitate percolation

• Depressions on the 
bedrock surface 
facilitate percolation

a Sandy loam-covered slopes

10

12

80-90m
40 50

Depression types

Rampab
DI areaDepression

5.0
_

Depression index

facilitate percolation
• Especially at upslope 

locations where the soil 

facilitate percolation
• Especially at upslope 

locations where the soil 4

6

8

PI

40-50m

Step

has low saturation
• But actual 

enhancement (mm’s) is

has low saturation
• But actual 

enhancement (mm’s) is

0

2

DI=0.2 0.1 0.06 0.04 0.09 0.04 0.1 0
Step V-notch Trough RampSmooth

Trough

V-notch

enhancement (mm s) is 
fairly low (in 2D)
enhancement (mm s) is 
fairly low (in 2D)

Step V notch Trough RampSmooth

b
a

Depression area PI = percolation / interflow
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LimitationsLimitations

• Steady-state simulations with constant “net 
infiltration” inputs do not capture 

t l i ti i i f ll lt

• Steady-state simulations with constant “net 
infiltration” inputs do not capture 

t l i ti i i f ll lt– temporal variation in rainfall or snowmelt
– temporal concentration of high water saturations 

along the bedrock interface that cause episodic 

– temporal variation in rainfall or snowmelt
– temporal concentration of high water saturations 

along the bedrock interface that cause episodic g p
percolation. 

– seasonally or diurnally varied evapotranspiration

g p
percolation. 

– seasonally or diurnally varied evapotranspiration

• Let’s examine these issues in at a site near 
Socorro, NM …

• Let’s examine these issues in at a site near 
Socorro, NM …
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Socorro, NM …Socorro, NM …

Steady state simulations



M d l M t iM d l M t iMagdalena MountainsMagdalena Mountains

• 4 years of data
• Daily time steps 
• 4 years of data
• Daily time steps 

– No RO

• Two different soil 
thicknesses

– No RO

• Two different soil 
thicknessesthicknesses

• Two different bedrocks
• Two exposures 

thicknesses
• Two different bedrocks
• Two exposures S N

(aspects)
• Two vegetation types

(aspects)
• Two vegetation types

S N
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Annual potential ET (PET)Annual potential ET (PET)Annual potential ET (PET) 
200 mm larger on the south-facing slope

than the north-facing slope

Annual potential ET (PET) 
200 mm larger on the south-facing slope

than the north-facing slope

NN
Potential E and T on a hypothetic south-facing 20 degree slope

seasonal grass (May-Oct)

6

PT
PE

Potential E and T on a hypothetic north-facing 20 degree slope
Fr=0.5, LAI=5
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0

244 334 59 149 239 329 54 144 234 324 48 138 228 318 43 133 223 313

Julian day

0
244 334 59 149 239 329 54 144 234 324 48 138 228 318 43 133 223 313

Julian day TVET PET model



Cummulative deep percolationCummulative deep percolation
on slopes with various conditionson slopes with various conditions

Interception, snowmelt, aspect effect, vegetation coverage effect, captured by TVET

G
r

BEDROCK AFFECTS THE AMOUNT & 
TEMPORAL PATTERN OF PERCOLATIONMonsoon Seasons

raniteGRANITE

South NorthS N

Granite has a more    
abrupt response
Spring 1992 Snowmelt

(only significant snowmelt)
’91 & 93’, the only years 

the Monsoon matters

Recharge events are 
TuffTUFF

Tuff has more

Recharge events are 
episoidic & somewhat rare.
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Tuff has more    
percolation



Percolation (mm) across 
the soil-bedrock interface

Percentage of precipitation
percolates

Percolation (mm) across 
the soil-bedrock interface

Percentage of precipitation
percolates

Granite11 2% 18 3% 23 4% 32 6%

s

Granite11 2% 18 3% 23 4% 32 6%

s

Percolation greater on 
th f i l

Granite

Soil
1.7 0.3% 5 1% 23 4% 36 6%

ck
 e

ffe
ct

s

Granite

Soil
1.7 0.3% 5 1% 23 4% 36 6%

ck
 e

ffe
ct

s north facing slope

Soil thickness increases 
water storage &

Granite has lower 
percolation

Tuff83 15% 124 22% 165 29% 230 41%
an

d 
be

dr
oc

Tuff83 15% 124 22% 165 29% 230 41%
an

d 
be

dr
ocwater storage & 

decreases percolation

Soil

Tuff

10 1 7% 32 6%

Aspect effect

90 16% 120 21%

Aspect effectS
oi

l a

Soil

Tuff

10 1 7% 32 6%

Aspect effect

90 16% 120 21%

Aspect effectS
oi

l a

Vegetated slope has less 

Tuff
10 1.7% 32 6% 90 16% 120 21%

Vegetation control 

Tuff
10 1.7% 32 6% 90 16% 120 21%

Vegetation control 

g p
percolation

27Annual P=565mm
Fr=50%

S N S N
Annual P=565mm

Fr=5%
Annual P=565mm

Fr=50%
S N S N

Annual P=565mm
Fr=5%



What influences deep percolation What influences deep percolation 

Water availability at the soil-rock interfaceWater availability at the soil-rock interface

p p
into the bedrock?

p p
into the bedrock?

Water availability at the soil-rock interface, 
which depends on
– the thickness and nature of the soil cover 

(e.g., pipes and barriers), 
– the climate and vegetation

Water availability at the soil-rock interface, 
which depends on
– the thickness and nature of the soil cover 

(e.g., pipes and barriers), 
– the climate and vegetation– the climate and vegetation

Bedrock permeability
– the type of bedrock and the nature of 

it f t d f lt

– the climate and vegetation

Bedrock permeability
– the type of bedrock and the nature of 

it f t d f ltits fractures and faults.
– permeability in critical range important 

Hydraulic conductivity ~ Water availability

its fractures and faults.
– permeability in critical range important 

Hydraulic conductivity ~ Water availability

Also playing a role:
Slope steepness and aspect, which interact with

– vegetation and soil development, especially via PET 
ff ti l ti t b

Also playing a role:
Slope steepness and aspect, which interact with

– vegetation and soil development, especially via PET 
ff ti l ti t b
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– affecting percolation rates by
– adjusting moisture fluxes to and from the atmosphere
– down-slope movement of moisture on the surface (runoff) 

and in the soil above the bedrock (interflow).

– affecting percolation rates by
– adjusting moisture fluxes to and from the atmosphere
– down-slope movement of moisture on the surface (runoff) 

and in the soil above the bedrock (interflow).


