ENVS 3060 Midterm Review
Equations: Darcy’s Law, Part 1 Lecture 1

Part 1: Physical Properties and Principles of Groundwater and Unsaturated Flow
Lecture 1
What is groundwater (GW)?
· Water stored in pores, fractures, cavities and other void spaces below the water table
· It can only flow through the interconnected void spaces in both non-lithified and lithified materials
· General saturated conditions

What is soil water (SW)?
· Water stored in soil pores (void spaces) above the water table
· Generally unsaturated conditions

Physical properties: GW
· The following properties are required to quantify groundwater flow velocity and volume reserves:
· Porosity
· Permeability
· Fluid density and viscosity
· Solid material and fluid compressibility

How to measure porosity?
· Oven dry a saturated, undisturbed soil or geological material sample of known volume. Convert weight loss to porosity
· If sample is initially dry, could measure volume of water needed to saturate

Porosity – Determining factors
· Packing, grain shape-sphericity/roundness, grain size, sorting, grain orientation

Soil separates: soil mineral particles between designated maximum and minimum diameters

Types of porosity
· Primary: groundwater in pored between grains
· Secondary: groundwater in fractures, cavities and other voids due to chemical weathering, tectonics, etc
· Effective porosity: porosity available for fluid flow, “connected pores”
· Disconnected or “dead-end” pores

Part 1 Lecture 2
Permeability
· It is the ease in which water flows through the rocks pore structure/spaces
· Groundwater flow rate proportional to d^2
· It is determined by pore size, pore tortuosity, and pore connectivity
Fluid density and viscosity
· Groundwater flow rate proportional to fluid density
· Inversely proportional to fluid dynamic viscosity
· Water viscosity and density are temperature dependent

Soil water
· The ratio of the mass of water present in the sample before drying to the mass of the sample after it has been dried to a constant mass at 105 degrees
· The volume of water present in a unit volume of soil
· This two related through the bulk density and the density of water
· Depth of water or soil water storage
· Can be calculated from the volumetric water content
· = volumetric water content x depth of soil

Structure of water
· molecules are polarized when a separation exists between the center of + and center of –
· Van der Waals force

Hydrogen bond
· The attraction of the partially positive end of one highly polar molecule for the partially negative end of another highly polar molecule is called a hydrogen bond

Water polarity
· The shared electrons spending most of the time nearer to the oxygen than to the hydrogen
· The water molecules exhibit polarity
· The charges are not evenly distributed
· The side on which the hydrogen atoms are located tends to be electropositive and the opposite side electronegative
· Water molecules cluster together (chainlike)-hydrogen bonding
· High boiling point; viscosity, specific heat, dielectric constant 
· Attraction to electro-statically charged ions and clay surface

Cohesion: the attraction of water molecules for each other
Adhesion: attraction of water molecules from solid surface

Surface tension: the tension is the force per unit length of any straight line on the liquid surface
· Forces acting below the surface – balanced
· Forces acting on water molecules at the surface – unbalanced
· Examples: bubbles, raindrops and teardrops assume the shape of a sphere, which is a body of minimal surface exposure relative to its volume
· Factors: liquid, temperature, solvent

Surface tension and Capillarity
· Soils with waxes and other hydrophobic compounds
· Examples: oil contaminated sites, forestry soils after fire, some natural sandy soils
· Consequences: 
· Land degradation by increasing runoff and erosion
· Delayed germination
· Patchy growth
· Slow down bio-remediation of oil contaminated soils
· 1. If adhesion > cohesion 
· the surface of the liquid will be concave
· the liquid will rise up the tube, that is, it will rise above the hydrostatic level
· example: water in a glass tube
· 2. If adhesion < cohesion
· the surface of the liquid will be convex
· the liquid will be repelled from the sides of the tube, that is, it will fall below the hydrostatic level
· examples: water in a greasy glass tube (adhesion is small), mercury in a clean glass tube (cohesion is great)
· 3. If adhesion=cohesion
· flat surface
· the absorption of water in a sponge

Contact angles
· Defined as the angle formed between the tangent to the solid-air interface and the tangent to the liquid-air interface at the three-phase contact line, measured on the water side

Water drop penetration time
· Describes the persistence of water repellency
· Measure the time it takes for droplet of water to penetrate or spread across the surface
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Types of soil water
· Gravitational – at saturation, will drain from larger pores within 24 to 48 hours in well-drained soils
· Cohesion – held between gravitational and adhesion (hygroscopic) water, can be absorbed by plants
· Adhesion – held tightly by soil particles; air dry
· Water content
· Describes the amount of water in the soil
· Important for water balance
· Water potential
· Describes the energy state of water in soil
· Important for water flow

Water potential: A measure of the free energy of water
· Solutes and other forces decrease water potential
· For living organisms water potential will be negative
· Work water can do, potential energy, tendency of water to flow/move freely in soil
· Water will always try to move from a state of high energy in low-energy
· The lower the soil water potential, the more tightly water is adsorbed to soil particles
· Refers to the ability of water to move in soil
· More water in soil=more water potential
· At saturation, potential is near zero
· As soil dries, values become more negative
· Water is held more tightly by soil!!

Soil water potentials
· The amount of work that must be done per unit quantity of water in order to transport reversibly (without energy loss due to friction) and isothermally (without energy change due to temperature change) an infinitesimal quantity of water from a pool of pure water at specified elevation and at atmospheric pressure to the soil water at the point under consideration
· It is the work water can do as it moves from its present state to the reference state, which is the energy state of a pool of pure water at an elevation defined to be zero
· Water will flow from sites of high water potential to sites of low water potential
· Water moves from a wet soil, through the plant, and evaporates (via transpiration) into a dry atmosphere
· Gravitational potential
· Represents the effect of gravity – pulls water downwards
· Pressure potential
· Represents the effect of hydrostatic pressure. It is positive – pressure due to standing water, air or overburden
· Matric potential 
· Represents the effect of insoluble materials (colloids or cell walls). It is negative – pulls water from wetter to dried soil
· Osmotic potential
· Represents the effect of solutes. It is negative – pulls water due to higher solute concentration

Physics
· Energy: capacity for doing work (thermal, chemical, electrical and mechanical)
· Free energy: portion of a systems energy that can perform work when temperature is uniform throughout the system
· Potential energy: the energy due to position in a force field and is a form of mechanical energy
· Cannot be measured, only differences in potential energy can be measured
· Always define the reference
· Work done in moving (reversibly) an object/substance from one condition to another is equal to the change in potential energy between the two conditions

Definitions
· The difference in potential energy per unit quantity of water between soil water and reference water
· Stream flows to a lake as long as:
· 1. There is an elevation difference, regardless of absolute elevation
· 2. There is a potential energy different per unit quantity, regardless of absolute amount of water body
· The work done per unit quantity of water by the soil water to move reversibly and isothermally from the soil state to the reference state

Factors affecting PE of water
· Adsorption to surface
· Position in gravitational field
· Salt/solute content
· Applied pressure
· Hydrostatic, pneumatic, overburden

Reference states and sign
· Required since can’t measure absolute PE
· Water flow will depend on differences in water potential from place to place
· Arbitrary – you can set any point as reference
· Water potential is always zero for water in the reference state – by definition
· If the PE of soil water < the reference state then the water potential is negative
· If the PE of soil water > the reference state then the water potential is positive

Gravitational potential
· Definition: potential energy of soil water at a higher elevation than standard reference state
· Select a reference elevation
· Soil surface or water table
· Value is the distance (m) from the location to the reference
· Sign determined by whether soil location above or below reference elevation

Pressure potential
· Definition: the portion of water potential due to pressure applied to soil water from standing water, air, or overburden (reference=atmospheric)
· Overburden only exists in plastic materials
· Hydrostatic pressure in soils calculated from depth (m) of standing water (above the point of interest)
· For calculations:
· Is the soil saturated?
· If no, hydrostatic potential=0
· If yes, hydrostatic potential=depth of standing water
· Is the point of interest exposed to atmosphere?
· If yes, hydrostatic potential=0
· Examples: water table, drop points, other locations exposed to atmospheric pressure
· Reflects the positive pressure to which water may be subjected in some environments
· In a glass of water, the water at the top of the glass would have potential of 0; however, at the bottom it would be a positive number
· Where a perched water table exists above the base of a soil or sand layer, the potential may be positive as well; however, potential=0 in most soils

Matric potential
· Definition: the potential energy due to the attraction of water by soil particle surfaces
· Reference: pure water at the same elevation and air pressure
· Sign: must always be negative
· Value: must be measured
· For the same soil the higher the water content, the higher the matric potential (the weaker the soil suction)
· No soil no matric potential
· Only exists when air phase exists in soil (or soil is unsaturated)

Osmotic potential
· Reflects the concentration of solutes in the soil water
· As this concentration increases, osmotic potential decreases
· In pure water (no solutes)=0
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Measuring water potential
· Tensiometer
· Measuring the negative pressure or tension, of water in soil in situ
· Composed of 
· A porous, permeable ceramic cup
· A tube to a manometer or vacuum gauge
· Psychrometer
· Small soil sample placed in holder
· Close door, start
· Sample equilibrates with chamber air
· Measure water vapor pressure of chamber air
· Embedded medium (dielectric water potential)
· Insert into the soil a material with a known matric potential
· The known material equilibrates with the soil
· Measure water content in the known material
· Read the soils matric potential from the known curve
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Soil water retention curve
· The soil water characteristic (SWC) curve describes the functional relationships between soil water content and matric potential under equilibrium conditions
· It is an important soil property related to pore space distribution (sizes, interconnectedness), which is strongly affected by texture and structure and related factors including organic matter
· It is a primary hydraulic property required for modeling water flow in porous materials
· The SWC function is highly nonlinear and relatively difficult to obtain accurately

Measuring soil water retention
· Hanging water column
· Pressure plate
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Zones of saturation
· Unsaturated zone
· Zone between the land surface and water table
· Pore contains water and air
· Also called vadose zone or the zone of aeration
· Saturated zone
· Pores are completely filled with water
· Contains water at greater than atmospheric pressure
· Also called phreatic zone
· Water table
· Surface where the pore water pressure is atmospheric
· Divide between saturated and unsaturated zone
· Capillary fringe
· Zone immediately above the water table that gets saturated by capillary forces

Perched water table
· Existence of a low-permeability clay layer in highly permeable sandy soil can lead to the formation of a discontinuous saturated zone, with unsaturated conditions existing both above and below 
· Promoting the development of a perched water table and flow parallel to the upper surface of the confining layer

Inverted water table
· Heavy rainfall and snowmelt can lead to the formation of temporary saturated zone above ground surface, its lower boundary being an inverted water table underlain by unsaturated conditions

Hydraulic potential/head gradient
· As the driving force causing the water to flow through the soil: high to low potential
· Is a macroscopic driving force because of the complex pore geometry of the soil

Saturated hydraulic conductivity
· Ks is a property of medium
· The hydraulic conductivity is not changed by whether the water flows up instead of down, or by having a greater or smaller gradient, or by the pressures or elevations themselves
· In fact, Ks can often be predicted with reasonable accuracy, given some other information about the medium. For example, the porosity and the grain size or pore size distribution allow a fair estimate

Water flux
· Quantity of flow or volumetric flow rate (discharge)
· Volume of fluid passing through soil in an hour
· Water flux
· Volume of water passing a unit cross-sectional area in a unit time
· Has directions (positive/negative)
· Different from water velocity (or pore water velocity)

Summary of Calculations
1. Choose a reference elevation
2. Evaluate potentials at each point
3. Calculate hydraulic gradient
4. Use Darcy’s law to solve for Jw or Ks
5. Is your answer reasonable?
a. Does flow occur from high potentials to low potentials
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Different types of flow
· Hydraulic equilibrium: no difference in potential (hydraulic head) between the two points of interest – zero flux
· Steady state flow: constant hydraulic head gradient – constant flux
· Transient flow: variable hydraulic head gradient – variable flux

Factors affecting Ks
· Ks is soil specific and extremely variable
· Texture: porosity and pore size distribution:
· Large pores – high Ks
· Small pores – low Ks
· Pore geometry: tortuosity
· Presence of fractures or macropores: preferential flow
· Root channels
· Burrows (insects, worms, rodents)
· Soil structure and heterogeneity: isotropic vs. anisotropic
· Eg. Soil layers and horizons

Pore geometry and Ks
· Pore size: larger the pore size, the larger the Ks
· Path length: longer the flow path, the smaller the Ks
· Friction in pores: immobile, mobile

Isotropic vs anisotropic
· Hydraulic conductivity has vertical and horizontal components: Ks,x and Ks,z
· Isotropy refers to vertical and horizontal component of Ks at the same location
· An isotropic soil has equal vertical and horizontal components of Ks
· An anisotropic soil has unequal vertical and horizontal components of Ks
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Implications of steady state flow
· Steady state=constant flux (Jw); if Ks is equal at all points in the soil, then hydraulic potential gradient is equal at all points in the soil
· Hog industry: liquid manure lagoons. Goal is to minimize seepage from lagoons to prevent potential ground water contamination
· Seepage minimized by lining lagoon with clay. Clay liners have low Ks, and therefore reduced seepage

Saturated flow: applications
· Regional groundwater flow:
· So far, 1-D flow problems
· Gravitational (Pg) and hydrostatic (Pp) potentials may act in all directions, fluxes may be 3-D
· A very practical problem is determining the direction and magnitude of groundwater flow
Direction and magnitude of groundwater flow
· Must calculate vertical and horizontal gradients
· Vertical gradients calculated with a nest piezometers at one location
· Horizontal gradients calculated with difference in Ph at different locations

Soil water flow
· Saturated flow: moves according to hydraulic potential only
· **Unsaturated flow: water movement in soils at less than saturation
· Occurs along soil surfaces, not through large pores
· Depends on unbroken films of water spreading through connected capillary pores, matric forces that are much stronger than gravity
· Even though the driving force is usually greater than for saturated flow, the resistance to flow is enormous
· It is slow and can move in any direction
· Water moves in response to total potential gradient
· Water flows from areas of higher water potential (wetter areas) to areas of lower water potential (dryer areas)
· Characteristics of unsaturated flow
· Large pores empty first
· Capillary ride and pore size
· Macropore first, mesopores second and micropores last
· Soil structure: pores between soil aggregates first, and in aggregates last

Hydraulic conductivity: ability of a soil to transmit water
· Pore size
· Coarse grained soil has higher conductivity than fine grained because movement through large pores is faster
· Path length
· Friction in pore
· *Consequences: hydraulic conductivity sharply decreases with decrease in soil water content or matric potential

Unsaturated flow
· Volumetric water content decreases with the decrease in matric potential or increase in soil water suction
· Decline of hydraulic conductivity with the decrease in matrix potential or increase in matric suction
· Flow in wet soils are faster than flow in drier condition
· Soil hydraulic properties
· Water retention curve, hydraulic conductivity curve
· Soil texture affects hydraulic conductivity
· Sandy soil adsorbs water more rapidly during infiltration but a clay can sustain the evaporation longer
· Soil structure affects pore geometry
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Darcy and seepage velocity
· Darcy velocity Vd is a fictitious velocity since it assumes that flow occurs across the entire cross-section of the sediment sample
· Flow actually takes place only through interconnected pore channels (voids), at the seepage velocity Vs
· By definition, Vf/VT=n, the porosity
· So, the seepage velocity: Vs=Vd/n
· Q=discharge (constant), A=total cross-sectional area of material, Av=area of voids, Vs=seepage velocity, Vd=darcy velocity

Turbulence and Reynolds number
· The path a water molecule takes is called a streamline
· In laminar flow, streamlines do not cross, and the viscous forces due to hydrogen bonds are important
· In turbulent flow acceleration and large-scale motion away from a smooth path is important (this is the familiar inertial force F=ma) and streamlines cross
· We could take the ratio of inertial to viscous forces
· When this # is large, inertial forces are important, and flows are turbulent
· This ratio is known as the Reynolds number Re:
· Re=inertial forces/viscous forces

Compressibility and effective stress
· Groundwater pumping reduces P, but effective stress remains constant 
· Effective stress must increase which leads to consolidation and land subsidence
· Need to measure aquifer and fluid compressibility’s to estimate potential for land subsidence (example: light post in Mexico) (land “falling” due to pumping) and aquifer storage capacity
· Aquifer compressibility=a
· A of clay>sand>rocks
· Fluid compressibility=B

*Specific storage=Ss
· Amount of water per unit volume of a saturated formation that is stored of expelled from storage owing to compressibility or the mineral skeleton and the pore water per unit change in head
· Volume of water released from storage per unit decline in hydraulic head per unit volume of saturated formation – also called elastic storage coefficient

*Storativity=S
· The volume of water released from storage per unit decline in hydraulic head in the aquifer, per unit area of the aquifer
· S=Ssxb
· b is aquifer thickness

Water release mechanisms from a confined aquifer
· aquifer remains saturated
· fluid expansion due to decrease in fluid pressure
· reduction in n (porosity) due to an increase in Oe (effective stress)

*Specific yield=Sy (Sy>Ss)
· Storage term for an unconfined aquifer
· Water table is lowered and a dewatering or drainage of pores occurs
· Volume of water that drains from a porous material due to gravity per unit volume of material

Part 2: Geology of Groundwater
Lecture 1
Particle size 
· Soil separates: soil mineral particles between designated max and min diameters
· Soil texture: relative proportion of various soil separates in a soil
· A permanent natural attribute of soil 

Texture classes: Canadian system (13 classes)
· Textural triangle
· % based on organic-matter-free, over-dry mineral soil particles passing through a 2-mm sieve
· gravel and stones reported separately
· named after the predominant size fraction occurring in them plus the word “loam”
· when the coordinate occurs exactly on the line between 2 classes, use class with finer particle size

Parent material and soil texture
· The parent material, as modified by weathering and soil-forming processes, determines a soil horizons texture
· Affects soil texture
· Consolidated material – solid rock made from materials that have been cemented together 
· Composed of consolidated rocks (igneous, sedimentary and metamorphic rocks)
· Unconsolidated – loose materials
· Classified by its last means of transport (ice, water, gravity, wind)

Particle size analysis
· % distribution of these soil separates determines soil physical properties
· Soil textural measurement – also called mechanical analysis
· It is the determination of size range of particles present in soil as a % of total dry weight

Soil texture measurement
· Field method (Qualitative)
· Feel method – hand texturing
· Estimate, quick but need experience, should be done by same person
· Lab method (Quantitative)
· Sieving
· Shaking the soil through a set of sieves that have progressively smaller openings
· Results are generally expressed in terms of the % of the total weight of soil that passed through different sieve
· Sedimentation	(buoyancy=B, drag=D, gravity=G) (net force=B+D-G)
· Tendency of particles in suspension to settle out of the fluid in which they are entrained and comes to rest against a barrier
· Pipette method – measure what is left in the suspension
· Hydrometer method
· Laser scattering
· Image analysis

Stokes law: assumptions
· Particles unaffected by fluid thermal motion
· Particles are rigid, spherical and smooth
· Particles are of equal density
· No interference between particles
· *Really measure an “effective” particle diameter

Hydrometer
· An instrument used to measure relative density of liquids (ration of density of liquid to the density of water)
· Made of a glass and consists of cylindrical stem and bulb with mercury
· Archimedes principle
· Assumptions
· Spherical particle
· Laminar flow of fluid around settling particle
· All particles in system of same density
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Pre-treatments
· Binding agents
· OM (H2O2 treatment)
· Carbonates and soluble salts
· Iron oxides
· Separation of sand before sedimentation
· Pass the pre-treated samples through mesh sieve
· Transfer samples for oven dry
· Pass samples through series of sieves to get different fractions of sand

Laser diffraction
· The light is: diffracted, reflected, refracted, absorbed
· Small particles requires knowledge of optical properties:	
· Real index (degree of refraction)
· Imaginary index (absorption of light within particle)
· Light must be collected over large range of angle
· *Large particles scatter light through SMALLER angles [image: ]
· *Small particles scatter light through LARGER angles
                             
                        [image: ]

· **Angle of scatter is inversely proportional to particle size
· Small particle scatter at larger angles than large particles
· **Intensity of light scattered is directly proportional to particle size
· Large particles scatter more light than small particles
· Assumptions
· Spherical particle
· Optically isotropic
· No multiple scattering
· Monochromatic light
· Coherent light
· Plane wave

Particle shape
· Sand: spherical
· Silt: near spherical, may have clay coatings
· Clay: plate – or needle-like

Specific surface, S
· Total surface area of particles per unit mass, volume, or bulk volume
· Proportional to adsorption and release of chemicals on soil particle adsorption sites, swelling and retention of water, soil plasticity, cohesion and strength

Geologic inventory
· Field mapping: existing maps, topographic maps, air photos
· Existing well logs, new drill holes
· Geophysics

Ground penetrating radar (GPR)
· 2 techniques:
· Common midpoint sounding (CMP)
· Offset distance travel time data for subsurface reflection events, the normal moveout analysis provides velocity profile info used to infer vertical soil variations
· Reflection profiling
· Time lapse data
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Poiseuille’s law
· Estimate flow through cylindrical fractures
· Pressure-induced force balance by the fluid resistance or shear force

Glacial sediments in SW Ontario
· Till: a sediment deposited by glaciers, little to no sorting by water, aquitards
· Glaciofluvial: deposited by glacial meltwater aquifers
· Glaciolacustrine: silt and clay deposited in proglacial lakes and aquitards

Groundwater flow in Karst Terrain
· Rare occurrence of underground open streams and small lakes
· Limestones or dolostone rock dissolved by weakly acidic groundwater creates underground caves filled with groundwater

Identifying areas of recharge and discharge
· Topography
· Piezometers
· Tritium – radioactive isotope of hydrogen
· Used to determine ‘age’ of groundwater
· What is the source of tritium?

Part 3: Soil Water and Groundwater Flow Modelling
Lecture 1
Measurement and monitoring of soil water 
Direct methods
· Gravimetric (quantitative - direct)
· Water weight per unit dry soil weight
Indirect methods
· Neutron thermalization
· A neutron is equivalent to H atom in mass
· After collision with H, fast neutron slow down, colliding with other atoms (larger) neutron will not slow down
· By releasing fast neutrons in soil and counting slow neutrons, you can figure out the # of H in the soils
· COSMOS, TDR, FDR/capacitance, heat pulse probe, fiber optic, tensiometer, electrical resistance, ERT, EMI, proximal soil sensing, remote sensing

Neutron moisture meter
· Radioactive source
· High-energy epithermal neutrons
· Releases neutrons into soil
· Interact with H atoms in the soil	
· Slowing them down	
· Other common atoms
· Absorb little energy from neutrons
· Low-energy detector
· Slowed neutrons collected
· “thermal neutrons”
· Thermal neutrons directly related to H atoms, water content
· Water content=mxR+b
· R=ratio of Nw in an access tube and standard reading in the shield (Ns)

Calibration
· Get the neutron count and standard neutron count at different depths
· Collect the core samples at the same depths beside the neutron access tube
· Determine the gravimetric water content and bulk density using core samples
· Determine the volumetric water content
· Calculate the neutron count ratio
· Plot the count ratio vs. volumetric water content
· Determine the slope and intercept
· The calibration equation: use for other measurements
· Calculate R=Nw/Ns
· Based on the calibration curve, calculate soil water content

Cosmic ray method (COSMOS)
· Involves measuring low-energy cosmic-ray neutrons above the ground, whose intensity is inversely correlated with soil water content and with water in any form above ground level
· Space: incoming high energy cosmic rays 
· Atmosphere: cascades of secondary cosmic rays are generated
· Soil: fast neutrons are thermalized and absorbed 
· However, some of the neutrons escape back into air, depending on the soil
· The # of neutrons in the air above the soil surface is inversely related to soil moisture
· Detects neutrons at 2 energies:
· “fast” neutrons for soil moisture detections because calibration is less sensitive to the chemistry of the soil
· thermal neutrons “slow” give info on above-ground water (snow cover)

**Dielectric theory
· Capacitance
· Ability to store electric charge
· Capacitor
· Device able to store electric charge
· Dielectric constant
· Ratio of the capacitance of a capacitor with the given substance as dielectric to the capacitance of the same capacitor with air as the dielectric
· In a heterogeneous medium:
· Volume fractions of any constituent is related to the total dielectric permittivity
· Changing any constituent volume changes the total dielectric
· Bc of its high dielectric permittivity, changes in water volume have the most significant effect on the total dielectric
· The total dielectric of soil is made of the dielectric of each individual constant
· Summary
· Ideally, water content is a simple first-order function of dielectric permittivity
· Generally, relationship is second-order in the real world
· Therefore, instruments that measure dielectric permittivity of media can be calibrated to read water content

Time domain reflectometry (TDR)
· Measures apparent length of probe from an EM wave propagated along metallic rods
· Related to water content
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