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OVERVIEW
Soil and groundwater are vital natural resources, and hence in Units 4 to 7, we discussed soil and groundwater pollution especially from agricultural activities. It is, therefore, necessary to conserve them, and when polluted, treat them. By using appropriate devices/sensors, we can monitor the extent of pollution. The conceptual goal of monitoring is to track through time the three-dimensional distribution of all pollutants released in significant quantities to the subsurface.  In this Unit (i.e., Unit 8), we will give you a summary of approaches and techniques for sampling, analysing and evaluating the quality of soil and groundwater.   This Unit starts with objectives and scales (spatial and temporal) of soil and groundwater monitoring. Then you will learn sampling solids, liquids and gases in unsaturated or vadose zones. In the subsequent Section (i.e., Section 8.5), you will learn monitoring of solids, liquids and gases in saturated zone, which also includes design criteria. Monitoring of the vadose zone (soil) and the saturated zone (aquifer) is required to evaluate the environmental fate and transport of pollutants due to agricultural activities. Data are essential for validation/verification of simulation models, which are then used in a predictive mode to forecast likely field behaviour under different management scenarios. Finally, you will learn data transmission, storage, management and presentation that are necessary in evaluating the present state of both soil and groundwater, and their impacts. 

LEARNING OBJECTIVES

After completing this Unit, you should be able to:

· explain the objectives and scales of monitoring;

· carry out monitoring in unsaturated and saturated zone;

· assess the nature and extent of contamination  in soil and groundwater;

· state the importance of data acquisition and processing of monitored data;

· discuss data management and presentation. 

8.1
OBJECTIVES AND SCALES OF

MONITORING

As you know, groundwater is used for a variety of purposes including irrigation, drinking, and manufacturing. Groundwater is also the source of a large percentage of surface water. In order to verify whether groundwater is suited for its intended purpose, its quality is to be evaluated (i.e., monitored) by collecting samples and analysing them. In simplest terms, the purpose of groundwater monitoring is to define its physical, chemical and biological characteristics. If the characteristics of groundwater do not meet the requirements of its intended use or if it is contaminated to affect the environment, then it needs to be remediated. We will discuss this in detail in Unit 9.   

The purpose of groundwater monitoring should be defined before monitoring begins so that appropriate procedures, techniques and analyses can be planned to meet the specific needs of the project. Detection monitoring programmes are used to detect the impact of anthropogenic activities on the groundwater quality. Assessment monitoring programmes are used to assess the nature and extent of contaminants (that have been detected) in groundwater and collect data that is needed to design a remediation programme.  Corrective action monitoring programmes are used to assess the impact of a remedial measure on contaminant concentrations as a tool in evaluating the success of a remedy. Performance monitoring programmes are used to evaluate the effectiveness of an element of a groundwater remediation system in meeting the design criteria for that element (Delleur, 1999).  

Monitoring efforts generally involve a diverse range of spatial and temporal scales, depending on the intended use of the resulting soil and groundwater quality data. Regional scale surveys (such as basins, watersheds) involve long term monitoring of seasonal changes, whereas detailed site- specific characterisation of smaller spatial units might require daily or even hourly sampling schemes. It is of course feasible that a single large scale monitoring effort might include sub-units that are more intensively sampled for same targeted action, such as nested sampling approach used in regional or national environmental assessments.

 

8.2 
MONITORING STRATEGY

The risk of groundwater pollution is a function of the prevailing local conditions, which include the local hydrogeology, agricultural activities and operational details of water supply and drainage systems. 

· The unsaturated zone above the permanent water table is the most important line of defence against the pollution of underlying aquifers. The nature of the materials and thickness of this zone are key factors in determining pollution risk.

· Soil (unconsolidated material) provides an effective natural treatment system, having the ability to break down some chemical compounds.

· In the saturated zone, pollutants move with the groundwater causing a pollution plume to develop from the pollution source. Microbiological pollutants are not normally found beyond the distance travelled by groundwater in around 10 days.

Monitoring of vadose zone and aquifers may involve invasive, destructive sampling of the solids where probes or sensors are used. While for determining contaminant concentrations of the liquid or gaseous phases, fluids or non-invasive, non-destructive sampling is carried out.  Non-destructive methods are preferred, as they do not alter the natural flow and transport processes. Repeated sampling is also possible to monitor temporal changes in contaminant concentrations and fluxes. After identifying the purpose and before preparing a groundwater-monitoring plan, the overall strategy of the groundwater-monitoring programme should be defined to guide the development of the plan. In this sense, “strategy” refers to the manner in which a hypothetical release from a regulated unit will be detected or measured. Examples of issues that should be addressed when developing a monitoring strategy include: 

· type of monitoring data needed;

· locations (both horizontal and vertical) from which the samples are to be collected;

· manner in which the samples will be obtained; 

· ability of the monitoring features to rapidly detect a change in groundwater quality.    

For detection monitoring programmes, the type of data needed are usually defined by statutory regulation, for other monitoring programmes, the types of data needed are typically site-specific considerations. Design of groundwater monitoring strategy is illustrated in Figure 8.1. 

Figure 8.1

Section of a Typical Unconfined Aquifer Groundwater Monitoring System
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Source - Delleur, 1999

As shown in Figure 8.1, the potential sources of contamination and aquifers of concern should be characterised before developing a groundwater monitoring strategy because selection of target monitoring zones cannot be made until the source and aquifer of concern have been evaluated. This is usually done through a detailed hydrogeologic evaluation of the site.  When evaluating the ability of a monitoring system to rapidly detect a release from the potential source, the impact of preferential flowpaths and vertical gradients should be carefully evaluated; a two-dimensional analysis of groundwater elevation may not reveal actual upgradient or downgradient locations of groundwater flow. The presence of vertical gradients may significantly affect the selection of monitoring locations.

Implementation of a groundwater monitoring strategy requires a planned approach and an understanding of the factors that could affect the quality, validity, or representativeness of groundwater samples. A groundwater monitoring plan is an effective tool for systematically addressing these factors. A comprehensive understanding of the hydrogeologic and geochemical setting of the site is an essential prerequisite to design a groundwater monitoring system that can reliably detect release of groundwater. This understanding could be based on an analysis of hydrogeologic and geochemical data from site explorations and experience with similar hydrogeologic and geochemical settings. The type of data that is required includes aquifer hydrogeologic parameters, geologic, topographic and potentiometric surface information and geochemical conditions. To evaluate the impact of a potential source of pollution on groundwater quality, the characteristics of non-impacted groundwater must first be evaluated, which provide a baseline against which the results of future groundwater monitoring events can be compared.

Groundwater monitoring system is designed only after evaluation of hydrogeologic conditions and analysis of baseline data. The procedure for designing groundwater monitoring system is as follows:

· Selection of monitoring locations: To rapidly detect a release from the source to groundwater.

· Selection of monitoring features: For obtaining the required samples or data from the target monitoring zones.

· Design of monitoring features: To meet the specific goals of the monitoring programme and to provide accurate, representative samples of groundwater.

Selection of target monitoring zones is illustrated in Figure 8.2.1 (horizontal target monitoring) and Figure 8.2.2 (vertical target monitoring).  As illustrated in Figure 8.2.1, the target monitoring zones are selected to intercept the potential contaminant migration pathways. As illustrated in Figure 8.2.2, the uppermost aquifer and any interconnected aquifers have to be monitored for a release from the potential source.  Also, the presence of preferential flow paths (such as solution cavities, channel deposits, etc.) must be considered when selecting the monitoring feature locations.

Figure 8.2.1

Horizontal Target Monitoring Zones
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Figure 8.2.2

Vertical Target Monitoring Zones
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8.3
GROUNDWATER MONITORING PLANS

Successful implementation of groundwater monitoring strategy requires a well-planned approach and an understanding of the factors that could affect the quality, validity or representativeness of groundwater samples (Delleur, 1999). A comprehensive groundwater-monitoring plan addresses each monitoring activity that will occur during sampling, analysis, and data interpretation, as well as actions to be taken based on the results of monitoring strategies. A procedure is presented below to develop an in-depth groundwater monitoring plan. 

Detection monitoring programmes

Detection monitoring programmes as explained in Section 8.1 are that which are used to detect the impact on groundwater quality. Next, we will discuss the factors to be considered while monitoring:

(i)
Understand hydrogeological/geochemical setting: The types of hydrogeologic and geochemical information that should be collected and the general data needed for each type of information are as follows:

· Aquifer parameters: These include transmissivity, porosity and storage properties  (i.e., specific yield or specific capacity). Transmissivity and storage properties are typically based on the results of aquifer test. Porosity is typically determined in the laboratory or estimated based on literature.

· Geologic information: Characterisation of the geology beneath the site is important to develop an understanding of the pathways that contaminants could take, if introduced into groundwater.

· Topographic information: The surface topography of a site may provide important clues to the presence or extent of geologic/stratigraphic units at the site and accordingly, may provide an indication of the potential impact due to the release of contaminants to groundwater. An understanding of site topography may provide valuable insight into:

(a)
the manner in which contaminants may have reached groundwater after being released to the  surface; 

(b)
past waste management practices at the site; 

(c)
interconnection between surface and groundwater  and aspects of the depositional history of the subsurface soils,  

(d)
subsurface lithology and the manner in which it might control groundwater flow and contaminant transport.

· Potentiometric surface: Knowledge of the potentiometric surface elevation is essential to understand the direction of groundwater flow and the fate of contaminants. Potentiometric information is also important for evaluating whether an aquifer is confined, unconfined or perched. This information should be obtained for the uppermost aquifer and for any underlying aquifer that could be impacted by a release from the potential source of contaminants. Subsurface monitoring data can sometimes be supplemented with surface-water elevation data to provide a better understanding of groundwater flow patterns.

· Geochemical conditions: Contaminants can chemically react with geologic media. Several types of reactions are common in aquifers e.g. sorption, chelation, complexation, ion exchange, precipitation and bio-degradation. Characterising the geochemical properties of the aquifer materials is important when evaluating the effect of these reactions on fate and transport of contaminants.

 (ii)
Evaluate background conditions: To evaluate the impact of a potential source on groundwater quality, the characteristics of non-impacted (i.e., background) groundwater must be first evaluated. Background water quality provides a baseline against which the results of future groundwater monitoring events can be compared. When establishing background conditions, a careful examination of the site should be made to verify that the location selected for the background sample is unaffected by any contamination. 

(iii)
Design groundwater monitoring system: After hydrologic conditions have been evaluated and background conditions have been defined, the groundwater monitoring system can be designed. A three-phase procedure for designing a groundwater monitoring system is described below:

· Phase I - Select monitoring locations: To rapidly detect a release from the source to groundwater, groundwater monitoring features should be installed within aquifer at locations that could be impacted by a release from the potential source. Source of target monitoring zone is illustrated in Figure 8.2.1. Target monitoring should be selected to intercept potential contaminant migration, which is discussed in step (ii) above. As illustrated in Figure 8.2.2, the uppermost aquifer and any interconnected aquifers should be monitored for a release from the potential source and preferential flow paths.

· Phase II - Select monitoring features: Appropriate monitoring features should be selected for obtaining the required samples (for data) from target monitoring zones. These features may include groundwater monitoring wells, piezometers, soil gas probes, lysimeters or sampling probes. Monitoring programmes often incorporate a combination of these features. As depicted in Figure 8.2.2, groundwater can be monitored by installing and sampling monitoring wells, with the wells in Zone B installed for wider spacing for the purpose of confirming that contaminants have not migrated to upper aquifers. Also, monitoring wells should be spaced closely enough to the source to minimise the chance that contaminants will migrate undetected beyond the wells.
· Phase III - Design of the monitoring features: Finally, after the monitoring features have been identified, they should be designed to meet the specific goals of the monitoring programme and to provide accurate, representative samples of groundwater.     

(iv)
Establish sampling and analysis methods and data quality objectives: Each aspect of groundwater sampling and analysis can affect the results of the monitoring event. Therefore, it is important to specify sampling and analysis procedures that promote collection of samples, representative of groundwater quality. Using appropriate sampling and analysis methods promotes development of consistent, high quality data and minimises the possibility of invalid or incomplete data.

(v)
Establish data evaluation methods: After the groundwater samples have been analysed, the data should provide a basis for concluding the presence or absence of groundwater contaminants. Such evaluation typically involves statistical analysis of the data to identify significant differences in groundwater quality. To guide the data evaluation process, the groundwater monitoring plan should contain descriptions of the methods that will be used to evaluate the monitoring data and the criteria for initiating response actions.

(vi)
Develop response criteria and response actions: Response criteria are results of groundwater monitoring events for which specific responses must be implemented. The response actions for a detection monitoring programme should be designed to confirm the presence of the detected contaminant; detailed assessment or remediation of the detected contaminants may be delayed until the start of an assessment programme or a corrective action monitoring programme. After learning detection monitoring programme, let us now discuss assessment monitoring programme, which is used to determine the nature and extent of contaminants and to collect data that may be needed to design a remediation programme.

Assessment monitoring programmes

For sites where a release to groundwater is known to have occurred, a monitoring programme should be implemented to assess the nature and extent of the release. The purpose of assessment monitoring is to evaluate the nature and extent of the release (of contaminants) and if found, to identify potentially applicable corrective actions. If groundwater discharges to the surface water, concentrations protective of aquatic life may also have to be considered. A return to detection monitoring may be warranted for any of the following reasons:

· through additional sampling and analysis, the detection monitoring results are found to have given a false positive indication of a release from the potential source;

· none of the parameters on the expanded list of analyses is detected at a statistically significant level above background concentrations; 

· the concentrations of contaminants do not exceed the groundwater protection standard.

The assessment monitoring field exploration should be focused primarily on providing data to fill gaps in the detection monitoring database or data related to suspected contaminants. After the nature and release of contaminants are determined, corrective measures should be undertaken.

Corrective action monitoring programmes

If the assessment monitoring data confirm that contaminants are present at concentrations that exceed the groundwater protection standard, corrective action may be required. During corrective action, a groundwater monitoring programme is implemented to evaluate the effectiveness of the remedy. Monitoring the performance of a corrective action system is a useful approach for verifying whether the features of the system are fulfilling their respective design criteria. A performance monitoring programme involves monitoring to evaluate whether a feature of the remediation system is fulfilling its intended function. 



8.4 
MONITORING BY SAMPLING IN

UNSATURATED/VADOSE ZONE

Sampling applies innovative exploration technologies to solve measurement problems anywhere and provides accurate and reliable data with minimum disturbance to the site. Prediction of soil behaviour, groundwater flow and chemical processes in the soil requires extensive knowledge of the soil and its spatial variability. Such information can be best obtained from both laboratory and in-situ tests (http://www.fugro.nl). Techniques employed to characterise the vadose zone properties and to assess contaminant concentration and fluxes may involve in-situ or ex-situ methods requiring the physical removal of samples of solid, liquid or gaseous-phase which are subjected to testing later. An example of the non-invasive, in-situ technique is the use of Groundwater penetration radar (GPR). 

GPR is most commonly used for locating buried objects (such as tanks, pipes, and drums); mapping the depth of the shallow water table; identifying soil horizons and bedrock subsurface; mapping trench boundaries and the physical integrity of human made earthen structures and selecting locations for installation of suction samplers in the vadose zone.

8.4.1 
Sampling solids 

In Subsection 3.2.3 of Unit 3, we defined the vadose zone or zone of aeration, which is commonly referred to as the unsaturated zone and is the subsurface area that extends from the ground surface to the surface of the water table. The vadose zone includes the capillary fringe where the soil and geologic material may be saturated; this is why the term vadose zone is preferred over unsaturated zone. In addition, perched groundwater may also exist within the vadose zone.

Samples of solids are collected to obtain ‘undisturbed’ cores or bulk samples. In this case, hand-operated or power-operated sampling devices may be used to assess depth of sample and nature of geologic strata being sampled. Some of the methods are described in brief.

Scoops, spoons, and shovels

Accurate, representative samples can be collected depending on the care and precision demonstrated by the sample team member. The use of a flat, pointed mason trowel to cut a block of the desired soil can be helpful when undisturbed profiles are required (http://www.frtr.gov ). The following procedure is used to collect surface soil samples: 

· Carefully remove the top layer of soil to the desired sample depth with a spade. 

· Using the spade, stainless steel scoop, plastic spoon, or trowel, remove and discard a thin layer of soil from the area, which was exposed by the spade. 

· If volatile organic analysis is to be performed, then the sample is transferred directly into an appropriate, labelled sample container with a stainless steel lab spoon, or equivalent, and the cap is tightly secured.

Place the remaining sample into a stainless steel, plastic, or other appropriate homogenisation container, and mix thoroughly to obtain a homogenous sample, representative of the entire sampling interval. Then, place the sample into appropriate, labelled containers and secure the caps tightly; or, if composite samples are to be collected, place a sample from another sampling interval or location into the homogenisation container and mix thoroughly.

Split and solid barrel

Split spoons are tubes constructed of high strength alloy steel with a tongue and groove arrangement running the length of the tube, allowing it to be split in half. The two halves are held together by a threaded drive head assembly at the top, and a hardened shoe at the bottom, with a bevelled cutting tip. The sampler is driven by an approximately 50kg weight dropped through a 75 cm interval. When the split spoon is brought to the surface, it is disassembled and the core removed. A core extruder might be required to remove the core from the barrel. A series of consecutive cores may be extracted with a split-spoon sampler to give a complete soil column profile, or an auger may be used to drill down to the desired depth for sampling. The split spoon is then driven to its sampling depth through the bottom of the augured hole and the core extracted.

8.4.2 
Sampling liquids 

Liquids in the vadose zone are generally held under a negative matric potential (tension or suction). Thus, sampling pore liquids requires that within the liquid sampling device adequate hydraulic gradient should be generated to induce liquid flow from the geologic matrix to the sampler. This is accomplished most commonly by evacuating the interior of the sampling device placed in soil in hydraulic contact with pore liquids.

Soil and water samples are commonly collected to monitor the performance of a facility (e.g., landfill). These samples can act as an early warning system that contamination is moving through the vadose zone and may intersect and affect groundwater quality. This may require vadose zone monitoring beneath a regulated facility, commonly a landfill, to provide early detection of contamination before it reaches groundwater. The advantages of early contaminant detection are both environmental and financial. Operational systems may be modified to prevent or minimise further release of the contaminant to the soil, thus preventing or minimising extra compliance monitoring and the potential expense of remediating contaminated groundwater (Karklins, 1996).

Suction or vacuum lysimeters are devices commonly used for collecting soil-water contained in the vadose zone. Collection basin lysimeters or percolation lysimeters allow the free drainage of soil-water into a collection basin from which a sample may be recovered. Suction or vacuum lysimeters consist of a hollow porous cup typically located at the end of a hollow tube. During operation, suction or vacuum draws soil-water into the cup. After a sufficient volume of soil-water has entered the lysimeter, suction or a positive pressure is applied to bring the sample to the surface through the tubing. In theory, an applied suction should be able to lift water up to 10 meters. However, in practice anywhere from 4.5 to 8 m is the upper limit of a suction lysimeter's effectiveness. Figure 8.3 illustrates a simple, easy to operate, low pressure-vacuum lysimeter (Karklins, 1996). This device commonly has a maximum operational depth of 15m. 

Figure 8.3

Suction or Vacuum Lysimeter 
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Source – Karklins, 1996

There are three types of suction lysimeters (Wilson, 1990), which are: 

· vacuum-operated samplers; 

· pressure-vacuum-operated samplers; 

· pressure vacuum operated samplers with check valves.  

The first type of lysimeters have a practical limit of sampling depth less than 7.62 meters, but are most often used for depths less than 2-3 m.  The second type extends the sampling depth to about 15 m, while the third-type is used to obtain pore liquid samples from depths up to 100 m. Pore fluids may be found in the vadose zone in saturated regions (metric potential equal to or greater than zero) either under conditions of free drainage (e.g., during infiltration under ponded conditions) or within perched water tables occurring over flow-impeding textural layers (e.g., clay).  A number of samplers are available  (Wilson, 1990) which permit interception and sampling of the ‘free’ water in the vadose zone.  Such devices, some times referred to as the ‘zero-tension’ lysimeters, may be designed as: 

· stainless-steel troughs; 

· metal/PVC/glass funnels filled with sand;  

· wick-type samplers.  

8.4.3 
Sampling gases 

It is often necessary to sample the vadose zone for vapour-phase concentration of volatile products of fertilisers and pesticides.   Such gases of interest include volatilised fraction of parent pesticides; NH3, NO, N2O and N2 from nitrogen transformations: and CH4 and CO2 from transformation of soil organic carbon or applied pesticides.  Often it may suffice to measure vapour flux at the soil surface or in the air above a treated field to quantify volatile losses of various gases of interest (Candela, et al., 1995).  

Soil Gas Probes

Sampling soil gases (volatile contaminants such as methane and carbon dioxide, certain fertilisers, which are indicators of increased microbial activity resulting from organic contaminants) is gaining acceptance as a method for preliminary mapping of contaminant plumes in ground water and monitoring underground storage tanks. This is achieved either by passive (static) sampling, where absorbent collectors are buried for a fixed period and retrieved for laboratory analysis, or by using gas-sampling probes (http://www.frtr.gov). Soil vapour-phase concentrations of volatile contaminants can be monitored either directly using gas sampling probes or in a passive manner using in-situ soil-gas collectors. Soil gas is collected by applying vacuum, with the volatile constituent analysed directly or trapped on some type of sorbent for later analysis (Robbins et al., 1990 a).  In the passive technique, a gas collector, usually a sorbent pack is left inside an open tube placed within the soil at desired depth.  The sorbent pack is removed after a desired period of collection, and is analysed for appropriate contaminants (Kerfoot and Meyer, 1986).


 

8.5 
MONITORING THE SATURATED ZONE 

The presence of potentially hazardous material on or in the ground does not necessarily imply ground water contamination.  Once a chemical has been released in the ground and has moved through the unsaturated zone, saturated transport processes will determine how fast, and at what concentrations, a chemical reaches a monitoring well or a supply well. Once in the saturated zone, the primary driving force for contaminant movement is created by the hydraulic gradient that produces ground water flow.  When point source pollution is produced, contaminants entering the groundwater flow system are thus carried down (advection movement), forming a contaminant plume.  Other factors also influence the shape of the plume, including two types of hydrodynamic dispersion: mechanical mixing and molecular diffusion.  The effect of molecular diffusion arising from concentration gradient plumes decreases, while mechanical mixing processes arising from flow-velocity variations increases as water-bearing formations show high heterogeneity and/or anisotropy (flow conditions vary with direction).  

The density of the contaminant in relation to water, as well as the hydraulic nature of the aquifer (homogeneity, isotropy and thickness) will determine the vertical penetration of the plume as it moves down gradient. Larger the total area covered by the plume, the more diluted the contaminant becomes. To determine the dimensions of a plume, monitoring wells may be temporarily installed in the aquifer and water samples taken.  An analysis of the relative water level or potentiometric surface in the wells will reveal the direction of ground water flow.  

Groundwater quality monitoring system plays an important role in the protection of hydro-geological systems. The purpose of this Section is to identify and describe installation methods for typical groundwater monitoring features. In Table 8.1, some groundwater monitoring features were identified. Each feature has a purpose and situation for which it is best suited. 

Table 8.1

Groundwater Monitoring Features

	Category
	Primary Use
	Advantages and Limitations

	Wells 
	Groundwater sampling
	Extensive record of successful use; can be targeted to specific site limitations and contaminants of concern; flexible design

	Piezometers 
	Groundwater potentiometric surface measurement
	Allows measurement of potentiometric surface at a point; can be outfitted to provide continuous monitoring of groundwater elevation; not well suited for groundwater sampling.

	Lysimeters
	Sampling liquid from vadose zones
	Allows characterisation of liquids that could eventually impact groundwater quality; may allow loss of VOCs in samples; construction materials may affect chemical composition of samples.

	Seeps 
	Surface sampling of groundwater seepage
	Low cost for establishing sampling point; gives good indication of  water quality with which humans or organisms may come into contact

	Geophysical techniques
	Plume delineation
	Large areas can be quickly delineated at the “survey” level, inexpensively; can be used to detect presence of specific constituents. 

	Sampling probes
	Plume delineation
	Allows quick sample collection without incurring the cost of installing a monitoring well; limited to one-time sampling of groundwater


These days, tracers (usually dyes or salts) are being used for groundwater systems monitoring. Tracers are used for measuring water flows, studying and modeling surface and ground water systems, tracing contaminants in emergency response situations, detecting leaks, and measuring tank retention times. The most important tracers include: (a) ions that occur naturally in a ground water system such as Br- or Cl- ,  (b) environmental isotopes such as 2H, 3H, or 18O, (c)  contaminants of all kinds that enter a flow system, or (d) chemicals added to a flow system as part of an experiment. The last group could include radioisotopes such as 3H, 131I, and 82Br; such as Cl-, Br-, and I-; and organic compounds such as rhodamine WT, fluorescein, and uranine. Many of these ions or compounds do not react to any appreciable extent with other ions in solution and the porous medium and are considered ideal tracers. The ideal tracer is non-toxic, usable in small quantities, cost-effective, easy to measure at very low concentrations, and stable during the course of the study. Rhodamine WT, the fluorescent tracer meets all of these requirements. Fluorescent tracers are most common because they are cost-effective and easily and accurately measured on-site with a portable, field-ready fluorometer.

The most common feature used to monitor groundwater quality is the monitoring well. The integrated impact of different pollution sources must be taken into consideration when groundwater quality monitoring system is being established. Installation of groundwater monitoring wells is discussed in Subsection 8.5.1. The primary objectives of a monitoring well network are to: 

· provide an access point for measuring ground water level or potentiometric surfaces of the aquifer system; 

· collect groundwater samples, and/or non-aqueous phase liquid, and/or samples of soil gas that accurately represent in-situ groundwater quality.  

Monitoring wells may also provide geophysical data, and, hydraulic tests determine the hydrogeologic properties of the formation in which the contaminant occurs. For health risk assessment purpose, the main objective of groundwater monitoring should be to collect information that will improve estimates of contaminant concentrations at potential human exposure sites, such as water-supply wells, springs and rivers which act as groundwater discharge boundaries.  If greatest concern is for the chronic health effects of contaminants, such as cancer, the aim of monitoring will be to obtain accurate estimates of long-term average concentrations.  When greatest concern is for acute health effects, monitoring should be aimed at obtaining estimates of expected maximum concentration levels. 

8.5.1 
Groundwater monitoring wells

The purpose of a groundwater monitoring well is to provide access to the target monitoring zone for collection of a representative sample of groundwater. The representativeness of the sample may be affected by installation of the well or by the material used to construct the well; design of the well must account for these factors. In this Subsection, groundwater monitoring wells and their applicability are discussed. The discussion presented in this Subsection should be considered as a general guide; site-specific conditions and applicable regulatory requirements should be considered over these guidelines when designing a groundwater monitoring well. The design shown in Figure 8.4 incorporates several features that minimise the possibility of introducing contaminants into the well.

Figure 8.4

Monitoring Wells
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The monitoring well design shown is typically used in situations where the well must be installed either:

· beneath a confining feature, where the additional casing prevents leakage from the upper casing to the lower aquifer; 

· through a heavily contaminated soil layer, where the additional casing prevents mixing of drill cutting from the target monitoring zone with the contaminants in the overlying or underlying portion of the aquifer.

When assessing a site for ground water contamination or quality, a monitoring well is often the primary source of hydrologic data. Monitoring wells that are installed should be able to: 

· provide access to the groundwater system for collection of subsurface water samples;

· measure the hydraulic head at a specific location in the groundwater flow system; 

· provide access for collecting  necessary information to characterise an aquifer or its hydrological properties. 

While achieving these objectives, the monitoring system should also preserve the integrity of the subsurface system that is penetrated but not monitored. Some of the key features of the groundwater monitoring wells, as shown in Figure 8.4, are the wellscreen, filter pack, bentonite seal, cement grout backfill, concrete apron and protective cover. The wellscreen should be installed so that the screen section spans only the target-monitoring zone. When monitoring the quality of groundwater near the water table in an aquifer with a large seasonal fluctuation in groundwater elevation, a long wellscreen may be needed to ensure that the wellscreen continuously spans the water table. The filter pack is intended to promote formation of a graded filter outside the well to reduce migration of fine grained soil into the well (because soil particles are composed of minerals that may be of concern).  The presence of fine-grained soils in a well can cause inaccurate groundwater monitoring results as well as clog the well. Wells, that are, bigger than the well-screen material should be capable of retaining the coarsest 15 % in the adjacent geologic formation. The bentonite seal is intended to prevent the cement grout backfill from migrating into the filter pack; the presence of grout in the filter pack could permanently compromise the validity of groundwater samples from the well. The concrete apron is intended to route surface water away from the well and to prevent downward migration of surface water into the well screen. The protective cover is intended to prevent unauthorised access to the well and protect the exposed portion of the riser from damage due to incidental contact.

8.5.2 
Drilling methods

When siting a monitoring well, it must first be decided which type of drilling process has to be used. This decision is based on the requirements of the monitoring well, hydrogeological environment, quantity of water required, depth and diameter needed to satisfy the well design, and the overriding budget of the project. Wells can be either dug by hand, driven in using well points, bored by an auger, or drilled. Drilling proves to be the only feasible method for deeper wells that require more productivity in unconsolidated deposits, or go through any type of rock zones (http://www.cee.vt.edu). Wells placed in shallow unconsolidated material requiring less productivity, can be dug, bored, or driven. 

The three main types of drilling equipment are the cable tool, rotary and reverse rotary. The cable tool works by lifting and dropping a string of tools suspended on a cable. Located at the bottom of the tool string is a bit which rotates a few degrees between strokes so the cutting face of the bit strikes the bottom at different areas with each stroke. Periodically drilling must be interrupted to bail out the cuttings. This method is capable of drilling a wide range of geologic materials. However, it is not capable of drilling as quickly or deeply as rotary methods. 

In the conventional rotary method, drilling fluid is forced down the inside of the rotating drill stem and through openings in the bit. This drilling fluid travels back to the surface, carrying the cuttings with it through the annulus, which is formed between the drill pipe and the hole wall. In the reverse rotary method the direction of the circulation of the drilling fluid is reversed. This method works particularly well while drilling large diameter holes in soft, unconsolidated formations. The conventional rotary rig is considered the fastest, most convenient, and cheapest system to operate. 

The direct rotary drilling method is heavily dependent on its hydraulic circulation system. Drilling mud, consisting of a suspension of bentonitic clay in water, is the most common drilling fluid used. This drilling mud coats the hole wall and this coating action produces hole stability and a seal which prevents the loss of drilling fluid to permeable formations. If the drilling mud cannot prevent the caving in of the hole walls, a well casing must be placed as the drilling proceeds.



8.5.3 
Monitoring well installation

The equipment and technique to construct a monitoring well borehole must be able to provide a stable environment to insert the well. The borehole must be open and vertical, while still maintaining the integrity of the surrounding zone to be monitored. To insure proper installation a professional should be consulted. The two major drilling procedures used in monitoring well installation are hollow stem augers or rotary-drills. The well screen and riser are lowered directly within the hollow stem during a hollow stem auger installation. During a rotary-drilled well installation, potable water must be employed to dilute drilling mud to ensure ease of installation. When feasible, drilling procedures that do not introduce water or other liquids into the borehole should be used. If the introduction of drilling fluids such as air, water, or gas cannot be avoided, safety precautions must be used to avoid contamination of the zone to be monitored. 

After the screen and riser have been positioned, the filter pack is placed from the base of the well to between 60-90 cm above the top of the well screen. The filter pack should consist of well- rounded silica sand. Filter pack grain size should be decided based on the distribution of the surrounding aquifer's grain size. 

After the filter pack is set, the well must be sealed to the ground surface to prevent contamination from the surface or water-bearing zones above the well screen down the borehole. Bentonite is placed on top of the filter pack 1-2 feet thick to protect it from invasion of grout. The grout completes the seal from the top of the bentonite to the top of the ground surface. 

Finally, protective casing and locking well caps must be installed to insure that the monitoring well is protected from vandalism and accidental damage.

8.5.4 
Well development

The purpose of well development is to remove sediment from the well and surrounding aquifer materials impacted by well installation, and to form a graded filter at the interface between the aquifer materials and the filter pack. Well development involves removing water from the well after construction is complete (Delleur, 1999). It removes the fine-grained material to improve the hydraulic efficiency of the well. Hydrologic efficiency is achieved when a large fraction of the fine materials from both the filter pack and aquifer material adjacent to the borehole no longer clog the pump or well screen. 

There are different methods of well development, which include mechanical surging with bailing or pumping, over pumping, air lift pumping, and jetting. This procedure should be slow and systematic in order to prevent the movement of more material than the development method can effectively remove (http://www.cee.vt.edu). In most cases, well development is site specific and can vary based on soil property, well location and type. In general, once the pH is stabilised the well can be used for monitoring the site.

8.5.5 
Groundwater Sampling

Sampling is required to test the characteristics of groundwater, which involves collection of groundwater samples for analysis. The sampling techniques, generally categorised as either manual or mechanical, are listed below: 

Manual sampling techniques 

Manual sampling techniques are commonly used for groundwater sampling and are called as grab sampling. Manual sampling devices include open bailers, point-source bailers and syringe samplers, among others. To sample a well manually, the groundwater field professional must lower the sampling device in the well, activate the sampling mechanism, and then remove the sampler from the well. The advantages of manual sampling include simplicity of operation, applicability to a wide range of monitoring situations, relatively low cost and reliability. The disadvantages include possibility of operator error, time required to collect the sample and potential damage to the filter pack. 

Mechanical sampling techniques

Mechanical sampling techniques (i.e., any non-manual technique) offer several advantages over manual sampling techniques. A significant advantage is that mechanical sampling devices can be configured to prevent some impacts of sample integrity that may be caused by manual sampling devices. Also, the time required to collect samples can be greatly reduced using mechanical sampling devices, particularly for deep wells. Mechanical sampling techniques typically involve the use of pumps to lift groundwater to the ground surface, where the sample is collected.

General approach to sampling groundwater monitoring wells

A general approach to sampling groundwater monitoring wells is presented in a stepwise fashion here. In contaminated areas, sampling should proceed from the least contaminated well to the most contaminated well if any sampling equipment is to be used at more than one well.

· Inspect wells and areas surrounding wells: The well should be examined for evidence of tampering, damage, or other activity that could compromise the ability of the well to produce a representative groundwater sample. The groundwater surface near the well should be examined for signs of recent activity and the area being monitored should be examined for changes since the last sampling event; such changes may require re-examination of the monitoring well network layout. 

· Measure depth to groundwater and total depth of well: The first activity to be performed after the well is inspected should be the measurement of well depth to groundwater and the total depth of the well. Measurement of the depth of a well is important for evaluating changes in the total depth; for example, a decrease in the total depth could be indicative of siltation in the bottom of the well, or a crushed well screen or riser pipe.

· Evacuate groundwater from the well: The purpose of evacuating the well is to cause groundwater from the aquifer formation around the well to flow into the well, allowing collection of a representative groundwater sample from the target-monitoring zone. The groundwater in both the well and the filter pack around the well screen should be evacuated before sampling begins. 

· Collect groundwater samples: Extreme care should be taken while collecting, preserving, storing and transporting groundwater samples to the laboratory. 

· Document sampling event: During the sample event, each of the sampling process should be documented for reference in the future. Good documentation is essential because it provides the basis for verifying the validity of the monitoring event.


 

8.6 
DATA ACQUISITION AND PROCESSING

Soil and groundwater constitute valuable natural resources and for this reason, detailed (i.e., complete and precise) information is required to evaluate status, its response to anthropogenic activities and their impacts.  Decisions concerning the collection of data thus become an integral part of groundwater management policies. Data acquisition and processing comprises several phases.  The first phase is the collection of field data, which must then be tested to determine its validity.  Data collected is divided into accepted data and rejected data (found to be erroneous or doubtful).  The second phase is data processing, which consists of data retrieval and treating or transforming this data to produce:  

· data reports of general interest including piezometric levels, nitrate concentration, etc.  presented in various forms (tables, maps or graphs) or data reports supplemented with statistical analysis of the data; 

· data made suitable  to use in mathematical models (to predict quality, quantity, etc.).  

8.6.1 
Data transmission and storage 

The availability of low cost, low power microprocessor technology and the rapid evolution of electronic components have revolutionised the scope of monitoring systems (Candela, et al., 1995). In general, two systems are used for data acquisition and storage depending on their availability: 

· manual data acquisition and digital storage in a computer; 

· on-line systems, facilitating the continuous entry of selected parameters into a computer system. 

These days on-line systems (automated data transmission) use specific sensors (e.g., transducers, ion selective electrodes) to monitor selected parameters (e.g., piezometric level, precipitation, pH, etc).  Data logger is connected to these sensors, allowing the almost continuous recording of a parameter or parameters and the storage of data in a computer system, in some cases using satellite transmission.  Data capture time lag depends on the sensitivity of the devices used and can range between several seconds and days.  The measurement of certain parameters can be carried out continuously or at short intervals by automatic monitoring systems.  Automatic monitoring can be of value in special situations such as the intensive study of temporal variability at a given site.  It is also helpful in detecting disturbance, such as sudden changes in water levels due to the shutdown of operating wells. This method of collecting information is useful in isolated areas, where sampling may be difficult; on the other hand, it is not available in most local and regional area due to its technical characteristics and maintenance requirements. 

8.6.2 
Data management

Data management, storage and retrieval should be an integral part of initial monitoring systems design, and all parameters to be monitored included in the definition of a database structure which allows storage, retrieval, update and output of the existing information. Three major activities are associated with any field data management system: 

· The verification and editing of the field data. 

· Data storage.

· Data retrieval and output, which includes the analysis and interpretation of data, graphical representation of the retrieved information in the form of maps or diagrams using the appropriate software or plotting data by hand.  

Spatial and temporal data could be handled efficiently using geographical information system (GIS). Data bases derived from field monitoring stations are subject to erroneous entries, missing information and periods when individual sensors are operating out of calibration. All data collected at different times, using different methods of measuring, sampling and analysis must be verified before being stored in the database. Before proceeding to the storage of data several important steps must be considered:

(i)
Data base structure definition: A careful analysis of the existing information (numerical, geographical), type of data (temporal, spatial, continuous, chemical composition, levels; etc), and their relationship with other data (piezometric level, water quality) will define the relation between different information files.

(ii)
Data base retrieval and output: This includes data querying and output (numerical or graphical representation of data) via data processing.  Numerical representation may include the statistical analysis of data and graphic representations include the use of maps and graphs showing spatial distribution. A series of maps may be drawn depicting geology, aquifer characteristics, groundwater quality, land use, pollution sources and the location and extraction rates of existing wells. 

(iii)
Data base analysis and interpretation: This process involves a distinct and separate process of converting data retrieved from data bases into a suitable form ready for processing, as described above.  

The synthesis and presentation of a wide range of multi-disciplinary data is a major challenge. The collected data are generally used, to produce hydrologic information regarding the present state of groundwater systems as well as predicting future states of systems and their impact on the environment because of human made effects. These days, to analyse spatial and temporal data and to facilitate the synthesis and presentation of a wide range of multi-disciplinary data, GIS is used, which we will discuss next.

Geographic Information Systems (GIS)

Geographic information systems are a database used for the management and analysis of spatial and temporal information.  It has been created for the collection, storage and analysis of geographically located objects and phenomena. In general, it is a tool designed to solve land use management problems by generating new information - following software definitions - from the information already existing in the database.  GIS is an important tool for the storage, management and processing of geographical, agricultural, meteorological, and hydrological data, as well as the creation of cartographic models (e.g., the creation of risk/vulnerability maps). The functions of GIS include:

· acquisition;

· compilation;

· storage;

· updating and changing;

· management and exchange;

· manipulation;

· retrieval and presentation;

· analysis and combination.

All data in a GIS are geo-referenced, that is, linked to a specific location on the surface of the earth through a system of co-ordinates. One common system is that of latitude and longitude (in this system, location is specified relative to the equator and the line of zero longitude through Greenwich, England). The ability of a GIS to store relationships between features in addition to locations and attributes is one of the most important sources of the power and flexibility of this knowledge. The stored data may be processed for presentation in the form of maps, tables or special formats. Attribute information may be physical parameters such as ground elevation, soil moisture level, or atmospheric temperature, as well as classifications according to the type of vegetation, ownership of land, zoning and so on. 


8.6.3 
Data presentation 

The main types of data presentation are: 

· maps showing contour lines of state variables (water levels, solute concentration, etc.) at any desired date in any part of the region;

· graphs showing the variation of state variables  at any desired location or time. 

Because basic data used in the determination of water quality are obtained by the chemical analysis of water samples, the first step in data interpretation must include the verification of the chemical analysis of water samples - data accuracy checks. 

With reference to agricultural pollution, the primary objective is to monitor changes in contaminant concentration in time, and to represent them in the form of a hydrograph, a graph showing the changes over a certain period of some property of water (refer Unit 3).  Changes in groundwater quality are relatively slow, although some long and short-term changes can be produced.  When long term changes are present, this may indicate a process of pollution.  Sometimes it is important to use diagrams showing differences in water quality along a cross- section of an aquifer in depth.  Differences in water composition in depth can explain the presence of stratification caused for example by water re-infiltration from irrigation in the upper part of the aquifer.  

Statistical methods 

A careful analysis of groundwater observations shows that their origin can be direct, indirect, in situ or ex situ, nearby or remote, automatic or manual, semi-continuous or discrete, etc.  Moreover, the analysis of available data in the field, and existing records from sampling points shows that water resources present both time and spatial variability (e.g., dissolved oxygen, commonly shows a diurnal cycle, or the piezometric level shows different water levels in recharge or discharge areas).  It is not possible to continuously monitor all possible variations and to reduce the probability of missing important fluctuations, and statistical methods can help planners solve these problems. This can be used to detect trends in water quality parameters over time or distance and extreme values, which may require action of some kind. 

Statistical analysis 

Statistical analysis of data begins with the treatment of raw hydrologic data through data sampling and observation error study. The analysis of data consisting of only a single variable measured on each observational unit (i.e., porosity, hydraulic conductivity, etc.) is known as univariate statistical analysis.  When each observational unit is characterised by several variables, the techniques used are called multivariate.  Univariate statistics are normally applied to identify the distribution of hydrological data (normal, log-normal, etc.) or to compare the existence of different populations in the data set (Snedecor and Cochran, 1967).  This second possibility, known as variance analysis, is an important tool to differentiate between the origin of different contaminants in groundwater, as may be the presence in coastal areas of sulphate due to seawater intrusion or due to fertilisers. Due to the fact that soils are heterogeneous and their properties vary spatially in the same aquifer, groundwater parameter variability adds more complexity to the study of the problem. The objectives of multivariate analysis may be summarised as follows: 

· To classify the available data into homogeneous groups, so that the relation between groups is revealed - this objective has been used to classify the origin of different sources of pollution in soil.

· To determine the existence of different groups using a mathematical function, which accounts for the maximum difference between them - the number of variables are reduced or transformed into a limited number of variables giving the maximum variability. 

SUMMARY

Soil and groundwater characterisation and recommending suitable remedial measures in case of contamination require, systematic and well planned monitoring. In this Unit, you learnt the objectives and scales of monitoring, which comprised of monitoring strategies and plans. Subsequently you gained insights into the sampling of solids, liquids and gases in the unsaturated zone (vadose zone). Here, we discussed various techniques used to monitor solids, liquids and gases in the vadose zone. Next we learnt the various techniques involved in monitoring in the saturated zone, which include groundwater monitoring wells, drilling methods and groundwater sampling. Here we learnt how vadose zone and groundwater monitoring helps to characterise the spatial extent of contamination resulting from land use changes. Then, we touched upon the important aspects of acquisition, transmission and processing of data. It is important to note that planning and management of resources requires statistical data (spatial and temporal) compiled from various sources and field data. Databases are thus useful as an efficient means of storing, sorting, organising and retrieval of data. We also explained GIS, which is a link between maps and databases. GIS is useful for mapping, analyses and integration of common database operations such as query, spatial and statistical analyses with visualisation. Finally, we discussed statistical techniques such as univariate and multivariate analyses to handle the data related to soil and groundwater monitoring.
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Model Answers to Learning Activities
LEARNING ACTIVITY 8.1
Groundwater is used for a variety of purposes including irrigation, drinking, manufacturing and processing. In order to meet the requirement of its intended use it is necessary to conduct a monitoring programme, which is done by collecting and analysing the sample. Monitoring defines the physical, chemical and biological characteristics of groundwater. This will show evidence of any impacts on the quality of groundwater.

There are certain issues to be considered while designing a monitoring strategy. These include selection of monitoring locations, and selection and design of monitoring features. Monitoring locations are selected to rapidly detect any contaminant release from the source to groundwater. Monitoring features are selected to obtain the required samples or data from the target monitoring zones. The monitoring features are later designed to meet the specific goals of the monitoring programme and to provide accurate, representative samples of groundwater.

LEARNING ACTIVITY 8.2
Following are the factors to be considered for monitoring groundwater:

· Understand hydrogeological/geochemical setting (aquifer parameter, geologic information, topographic information, potentiometric surface and geochemical conditions). 

· Evaluate background conditions (characteristics of non-impacted groundwater). 

· Design groundwater monitoring system (Phase I, Phase II and Phase III). 

· Establish sampling and analysis methods and data quality objectives.

· Establish data evaluation methods. 

· Develop response criteria and response action.

LEARNING ACTIVITY 8.3
The liquids in the vadose zone are under a negative matric potential (tension or suction). The liquid device then should have sufficient hydraulic gradient to induce liquid flow from the geologic matrix to the sampler. This is accomplished by evacuating the interior of the sampling device placed in soil in hydraulic contact with pore liquids. Suction or vacuum lysimeters are devices commonly used for collecting soil-water contained in the vadose zone. The suction lysimeter consists of a hollow porous cup located at the end of a tube. The suction action draws soil-water into the cup. A positive pressure is applied to bring the sample through the tubing. There are 3 types of suction lysimeters viz., vacuum operated sampler, pressure vacuum operated samplers and pressure vacuum samplers with check valves.

LEARNING ACTIVITY 8.4
Monitoring wells are used to monitor groundwater quality. The primary objectives of a monitoring well are to provide an access point for measuring groundwater level or potentiometric surfaces of the aquifer system and to collect groundwater samples and/or non aqueous phase liquid that accurately represent in-situ groundwater quality. The hydraulic tests help determine the hydrogeologic properties of the formation in which the contaminant occurs. For health risk assessment purpose, the main objective of groundwater monitoring should be to collect information that will improve estimates of contaminant concentrations at potential human exposure sites, such as water-supply wells, springs and rivers, which act as groundwater discharge boundaries.

LEARNING ACTIVITY 8.5
The steps involved in sampling groundwater monitoring wells are as follows:

· Inspect wells and areas surrounding wells.

· Measure depth to groundwater and total depth of well.

· Evacuate groundwater from the well.

· Collect groundwater samples.

· Document sampling event.

LEARNING ACTIVITY 8.6
GIS is a database used for the management and analysis of statistical, spatial and temporal information. GIS has been created for the collection, storage and analysis of geographically located objects and phenomena. It allows the input, management, elaboration, analysis and output of data. This programme is user-friendly, and is executed using menu options, pre-established questions, screen operations, etc. Examples obtained for the evaluation of aquifer pollution to produce a series of thematic maps from the information available have been carried out in many areas.




































































































(LEARNING ACTIVITY 8.6





Discuss how GIS is helpful in groundwater monitoring.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 8.5





List the steps involved in sampling groundwater monitoring wells.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 8.4





What are the objectives of establishing a monitoring well network?





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 8.3





Discuss monitoring techniques in liquid phase of the vadose zone.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 8.2





List the factors to be considered while monitoring groundwater.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.














(LEARNING ACTIVITY 8.1





Discuss the necessity and issues to be considered while designing a monitoring strategy.





Note:


a)	Write your answer in the space given below.


b)	Check your answer with the one given at the end of this Unit.
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