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ABSTRACT 

The process of salvaging soil on minesites is mandated by US federal and state 
law, and subject to strict guidelines. Conventionally, minesoil is sampled and 
analyzed to determine depth of suitability and then pegged to show suitable depths 
to lift. Rubber tired scrapers navigate via the pegs and remove suitable soil which 
is stockpiled or direct hauled. 

The purpose of this study was to adapt the technologies of global positioning 
systems (GPS) and geographic information systems (GIS) to the minesoil salvaging 
process. Methodologies were developed for realtime GPS navigation of scrapers, 
whereby guidance by satellites was utilized to show position and depth of soil to be 
lifted. The efficiency, accuracy, and costs of this method were evaluated for 
application on minesites. 

The project area was chosen at Spring Creek Mine in southeast Montana. 
This 4.2 ha area contained 57 soil sample points on a 32 m grid. A GPS receiver 
was used to map sample locations. GPS data were then differentially corrected and 
averaged, producing positions within two meters of the surveyed sample locations. 

Sample point data were translated to a PC ARC/INFO 3.4D format 
(Environmental Systems Research Institute). In ARC/INFO 3.4D a database was 
created linking soil parameters by depth to each sample point. Following this, 
workstation ARC/INFO 6.11 (Environmental Systems Research Institute) was used. 
Geostatistics methods were used to prepare semivariograms of the soil parameters 
at each depth increment. The semivariogram models were produced in GEO-EAS 
(Environmental Protection Agency), and provided information for kriging. Rriging 
maps of soil parameters were subsequently created in ARC/INFO 6.11. The product 
of the GIS process included four computer generated maps, each showing depth of 
soil to lift for a specific soil horizon less than 50 cm deep. 

For a mine operation GPS and GIS equipment would cost approximately 
$130,000. Navigation accuracy is dependent on three primary factors; the ability of 
the kriging method to predict a soil parameters distribution, the quality of GPS 
equipment, and the scraper operator’s skill. It is estimated that mine staff familiar 
with the GIS/GPS method would require 42 hours to conduct GPS soil mapping, GIS 
map compilation, and map installation onto a scraper computer for an area similar 
to this project. Further studies are necessary to determine if the application of GPS 
realtime navigation is better than conventional minesoil salvaging techniques. 
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INTRODUCTION 

Mines are currently required to lift and stockpile suitable soils from areas 

scheduled for mineral extraction. Federal and state laws require specific methods for 

mine soil salvage operations to ensure adequate post-mine reclamation. The 

Montana Strip and Underground Mine Reclamation Act (1990) provides standards 

for soil salvaging. Section 26.4.304 (11) (a) of the Department of State Land’s 

regulations requires a soil survey to be conducted describing all soils within the 

proposed permit area and their suitability for reclamation purposes. In addition, rule 

26.4.313 (4) (b) states ’’in using the soil survey information the applicant shall propose 

estimated soil salvage depths for each lift of each soil component." Section 26.4.701 

(2) explains that "The operator shall use a multiple-lift soil handling method 

consisting of the separate handling of surface soil (A, E, and possibly B and C 

horizons) during salvage stockpiling and redistribution." These state requirements are 

the basis for soil salvaging at coal mines in Montana. A conventional method for 

salvaging mine soils is depicted in the following example. 

Prior to mining, the soils in a given permit area are sampled. Soil cores are 

retrieved and separated into diagnostic horizons (for example, A, B, and C horizons). 

Each sample is analyzed for the soil parameters of interest at the mine. This report 

provides a three dimensional description of soil physicochemical characteristics. 

Depths of suitable soil for each sample station point are calculated based on 



2 

established physicochemical limits on soil parameters. Areas considered suitable to 

salvage are staked with pegs. These stakes are marked to show the scraper operator 

appropriate depths to lift for the topsoil (A horizon) and subsoil (B-C horizon). 

Rubber tired scrapers lift the soil and place it on a stockpile or direct haul it to a 

current reclamation site. 

Uncertainty exists towards the accuracy of conventional soil salvaging 

operations. This uncertainty stems from scraper operators having to judge 

appropriate lift depths between navigation pegs. Misjudgment of lift depth may 

result in unsuitable soil being stockpiled or suitable soil not being salvaged. 

Efficiency of salvaging operations may also be reduced if excess soil is moved. 

Methodology studied in this effort utilizes computers for navigation and stripping of 

suitable soil. A computer monitor inside the scraper displays depth of soil to be 

lifted at the operator’s current position. 

The new soil salvaging method combines the technologies of Global 

Positioning Systems (GPS) and Geographic Information Systems (GIS) to perform 

accurate navigation and lifting of suitable mine soils. In recent years these 

technologies (GPS and GIS) have evolved to make the application of realtime GPS 

navigation a reality. Realtime GPS navigation enables one to navigate the terrain by 

observing a computer map which displays the current exact location determined from 

GPS satellites. Montana State University was involved in pioneering this technology 

by applying GPS navigation to selective fertilizer application. According to Carolyn 

Peterson (1991), "Researchers at Montana State University have been developing a 
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precise positioning system featuring GPS for agricultural producers since 1986. A 

simulation displays the fertilizing machine’s position in three windows on the screen 

of the on-board computer.” Peterson found that two receivers operated in a realtime 

differential mode offered a resolution of approximately two meters. This procedure 

was of sufficient accuracy for fertilizer application and was utilized in the fertilization 

of a winter wheat field in August, 1990. 

Since this experiment, there have been further improvements in GPS realtime 

navigation accuracy, and other GPS functions. These improvements have the 

potential to remove much of the human uncertainty from soil salvaging operations, 

and improve cost and efficiency. 

Study Objective 

The purpose of this study was to adapt the technologies of GPS and GIS to 

the process of soil salvaging on mine sites. Methodology was developed to permit 

realtime GPS navigation, from which efficiency, accuracy, and costs were evaluated 

for application on minesites. 
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OVERVIEW OF GPS AND GIS 

This section defines and describes the tools of GPS and GIS, providing details 

about pertinent topics important to this project and recent applications in the mining 

industry (specifically soil salvaging). 

GPS Technology 

As GeoResearch (1993) states "Global Positioning Systems (GPS) is a system 

of satellites implemented by the United States government to provide accurate 

positioning information worldwide to ground observers by means of portable 

receivers." GPS began in the 1970’s solely as a military aid. It is now utilized 

predominantly by civilians. There are three main parts to the system. The space 

segment consists of 24 Satellites (as of August 1993), of which 21 are operational and 

make up a full constellation. They emit radio signals which provide highly accurate 

time and position readings, termed an ephemeris. A control segment consisting of 

five bases around the world monitors and corrects flight paths and radio signals for 

each satellite. The final part of GPS is the user segment which is the focus of this 

project. 

The user’s GPS receiver calculates its position on the earth’s surface using 

signals from the GPS satellites. There are several types and grades of GPS units 

depending on the mode of use and accuracy requirements. All GPS receivers need 
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to use (lock on) signals from four satellites in order to calculate a three dimensional 

solution (latitude, longitude, and elevation) based upon the geometric configuration 

of the satellites. If three satellites are locked on, then only a horizontal two 

dimensional solution can be calculated. 

Many factors reduce the accuracy of a GPS solution. These combined errors 

may produce up to 120 m deviation from actual position. The factor selective 

availability accounts for the largest error of 100 m. Selective availability is a 

deliberate alteration of the satellites signal to protect against foreign militaries 

accurately using the system. Other errors stem from atmospheric disturbance, clock 

timing, incorrect ephemeris, and GPS receiver circuitry. 

Most of these errors (including selective availability) may be eliminated using 

a technique called differential correction. This technique requires a second GPS unit 

(base station) at a fixed surveyed point to be collecting data at the same time as the 

user’s field unit. The field and base files are merged, and the field file is corrected 

using the known deviation from truth recorded in the base file. The base station 

should be less than 320 km from the field site for effective correction. Appropriately 

merged GPS files are capable of reducing the error to between 5 mm and 5 m 

depending on equipment grade and method. A better position can be obtained using 

the static survey method, for example, where the mean of a group of solutions for 

one point location is calculated. When positions accurate to less than 1 m are 

required the GPS receiver must employ carrier phase tracking. This is the technique 

of observing two satellite radio frequencies (LI & L2) to eliminate ionosphere errors 
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(Tyler, 1993). 

The process of differential correction has been adapted to facilitate accurate 

realtime navigation. Realtime navigation utilizes a base station which radios solution 

corrections immediately to the field receiver for automatic differential correction. 

The field receiver then adjusts solutions, and displays the corrected position in real 

time. This process allows users to view their current location and navigate accurately, 

hence, it is a vital part of this GPS navigation project. Accurate navigation requires 

the roving GPS receiver to be relatively close to the base station. GPS navigation 

tests conducted in 1989, for example, attained accuracies of 1 to 2 m at a maximum 

range of 41 km between the base station and remote vehicle (Ashtech, 1991). 

When conducting a GPS mapping project, a number of parameters need to 

be considered. The receiver has various settings, some of which include the position 

dilution of precision (PDOP), signal to noise ratio (SNR), elevation mask, and 

tracking mode. The PDOP factor relates to the geometric configuration of the 

satellites which the receiver is locked on to. The smaller the PDOP value the better 

the satellite configuration, hence less error is incurred. The maximum PDOP is 

usually set around six, in which case the receiver requires a new set of satellites 

whenever the PDOP becomes greater than six. The SNR describes the strength of 

the satellite signals. A SNR factor of six to ten is usually adopted. Solutions with 

values under that adopted level are omitted. 

The elevation mask is the minimum angle above the horizon at which a 

satellite may be used (locked on) for solution calculation. Usually this is set between 
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three and fifteen degrees depending on topography and distance to the base station. 

The GPS receivers can utilize only three satellites when a two dimensional tracking 

mode is set. In this case the elevation parameter is absent. An auto three 

dimensional mode may also be selected, in which case two dimensional solutions are 

given only when three satellites are available. 

Areas with significant overhead or lateral obstructions which could block 

satellite signals should be avoided during mapping. When recording feature locations 

one may need to attach a description (label) to the spatial data in the GPS. Labeling 

operations require appropriate GPS/GIS software and database construction. 

Applicable software for labeling and other operations related to this project are 

described below. 

In Billings, Montana, GeoResearch has developed a program called GeoLink 

which interfaces with a GPS receiver, and displays the path being traversed by the 

field unit on a computer screen. GeoLink has the capability of displaying background 

maps of the site, so that one can navigate while observing a current position and path 

that has already been traversed. It also allows for building databases and assigning 

labels to the mapped features. The program can modify the corrected field map 

using simple GIS operations and translate the map into other GIS formats. In this 

study GeoLink was important in facilitating data transfer to the GIS technology. 

There are a number of texts which may help the reader to better understand 

GPS, for example Bureau of Land Management (1991), United States Air Force 

(1991), and Wells (1987). 
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GIS Technology 

In this project a Geographic Information System (GIS) was used to develop 

soil salvaging maps for scraper navigation. Star and Estes (1990) state that "A 

geographic information system (GIS) is an information system that is designed to 

work with data referenced by spatial or geographic coordinates.” The GIS's ability 

to produce different overlays by analyzing and performing statistics on spatial features 

separates it from other mapping programs. There are two broad types of GIS display 

- vector and raster. The vector type displays points, lines, and polygons where lines 

are a series of connected points, and polygons are enclosed lines. The raster GIS, 

on the other hand, groups all map data into a regular grid of cells and assigns one 

value to each cell. Due to the need for kriging point data in this project, it was 

necessary to have both raster and vector GIS capabilities for map compilation. 

For this project the GIS was required to interpret a group of points into a 

series of map overlays which depict areas of different depths of soil. Accomplishing 

this goal required the creation of spatially referenced databases, merging of maps, 

kriging of points, creation of thiessen polygons, use of raster cell statistics, overlaying 

of coverages, and conversion between raster and vector images. Kriging was one of 

the more crucial GIS operations for this project. Kriging is a method of interpolating 

values from a coarse set of spatial points into a regular finer grid of point values 

using weighted local averaging. Burgess and Webster (1980) state "Kriging is optimal 

for interpolation in the sense that it provides estimates of values at unrecorded places 
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without bias and with minimum and known variance." 

Semivariograms are the basic models used in kriging interpolation. The 

semivariogram plots variances of paired sample measurements as a function of 

distance between samples or lag. Sample pairs are grouped into classes (lags) of 

similar distance and a model is fitted to show change in variance as a function of 

distance between samples. The semivariogram model is described by three 

parameters; the nugget, sill, and range of influence. The nugget is the inherent 

parameter variation observed at zero lag. When the variance is at a maximum, 

meaning greater distances between samples do not produce increased variance, then 

the sill is attained. The distance at which the model first reaches the sill is the range 

of influence. A typical semivariogram is shown in Figure 1. 

TYPICAL SEMIVARIOGRAM PLOT 
soil pH at 0.9 to 1.2 m depth 
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Figure 1. Example semivariogram plot showing nugget, sill, and range of influence. 
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Spatial data may be validated for kriging using the cross validation method. 

Cross validation is a technique used to produce error values of the differences 

between points of known values and their predicted value. The distribution of errors 

between actual and predicted values is statistically analyzed by three tests to 

determine the validity of kriging for that data set. The first test requires the errors 

to have a mean of 0. Next, the kriging variance should equal the variance of errors, 

and third, 95 % of the observed errors should lie within ± 2 standard deviations of 

the error mean. If these three tests are met then the semivariogram is statistically 

valid for kriging. 

A thesis by Hardy (1989) provides an extensive review of kriging and its 

application on mine spoils. Hardy produced semivariograms for the parameters pH, 

electrical conductivity (EC), sodium adsorption ratio (SAR), and percent clay and 

found ranges of influence to vary between 244 m and 366 m. Based on these 

findings, Hardy concludes, "A sampling interval of 140 meters will permit mapping 

of all the spoil properties using kriging procedures." 

In addition to kriging, many other GIS functions will be utilized in this project. 

These will not be discussed however, as they are standard operations, and well 

documented in Star and Estes (1990), Laurin and Thompson (1992), and Burrough 

(1991). 

GPS in the Mining Industry 

The technology of GPS navigation has only become a realistic tool in the last 
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tew years, the most significant limitation being an incomplete satellite constellation. 

There is little published information available on the application of GPS in mining, 

thus most information was obtained directly from people informed about GPS. 

Loretta Reichert from the Reclamation Bureau in Montana was not aware of 

any mines in Montana using GPS navigation. The closest practice was the use of 

GPS in conjunction with ARC/INFO (Environmental Systems Research Institute) to 

map a pre-mine inventory of the Meridian Mine and survey the topography of the 

site. In the National Office of Surface Mining Headquarters at Denver, Bob Welsh 

(a GPS expert) was also not aware of any mines using GPS realtime navigation. 

Welsh had however, worked with pre-SMCRA disturbances, using GPS linked to 

GeoLink (GeoResearch, Inc.) software (same equipment used for this study) for 

mapping borders and special features. Note, pre-SMCRA refers to mining 

disturbances which occurred prior to the Surface Mining Control and Reclamation 

Act of 1977. Welsh explained that high costs had prevented the Office of Surface 

Mining from pursuing realtime navigation. 

To date, the applications most similar to this project include chemical and 

fertilizer application operations. In 1992 the Simplot company, for example, 

constructed a system for selectively applying herbicides while planting sugar beets 

(Bauer and Schefcik, 1994). In this application aerial photographs of the fields were 

manipulated in a GIS to show areas of differing herbicide application rates based on 

known soil texture. These images were geodetically referenced, and installed on a 

ruggedized 386 computer mounted in the tractor cab. The equipment provided 2 m 
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accuracy 95 % of the time. Better accuracies were available at the time (<1 m), but 

the price for that equipment was cost prohibitive. 

According to David Tyler, a GPS expert at the University of Maine, GPS 

realtime navigation is also being developed for application in landfill sites by Waste 

Management, Inc. The company intends to use vertical and horizontal solutions of 

GPS for moving and burying trash to appropriate locations and depths. 

The investigation in this section showed that GPS realtime navigation has not 

been researched or applied to soil salvaging operations. Thus, this study should 

provide new insights into potential improvements on the soil salvaging process on 

minesites. 
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EXPERIMENTAL PROCEDURE 

In this study the technologies of GPS and GIS were adapted to the process of 

soil salvaging on mine sites. Three main steps were involved in completing this 

project: 

1) Selection of a suitable project area, 

2) Mapping sample station locations using a GPS receiver, and 

3) Compilation of a map in a GIS showing position and depths of suitable soil. 

Site Selection 

The first requirement for site selection was to locate a study site within 320 

km of a base station. The project area (study site) must be clear of any large hills 

or other obstructions which could block satellite view. The soil sample stations had 

to have all the necessary soil parameter data available and contain some 

unsalvageable material. Also, the project area required an adequate sampling density 

for spatial correlation of soil parameters. A drill spacing less than 140 m was 

preferred. 

Given these stipulations, Spring Creek Coal Mine in southeast Montana was 

selected for the study. The project area for the GPS mapping was located at the 

south end of the West Pit of this mine (Figure 2). The site encompassed 4.2 ha and 

contained fifty seven sample stations. The sample stations were aligned in a regular 
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Figure 2. Spring Creek Coal Mine project area. 
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grid with 32 m spacing. The 32 m spacing is a standard accuracy prescribed for 

detailed soil surveys in delineating soil boundaries (Long, De Gloria, and Galbraith, 

1991). Several small hills were positioned to the west of the project area. 

The nearest available base station was in Hardin, Montana (68 km northwest 

of the Spring Creek Coal Mine). Its precise location was 45° 36’ IS^S” N, and 

107° 27’ 23.352” E, at 917.662 m above the WGS-84 ellipsoid (Caprata, 1994). To 

clarify, WGS-84 is a representation of the earth’s surface referenced at mean sea 

level. 

Soil Mapping 

GPS equipment was leased for one day from the Plant & Soil Science 

Department at Montana State University. The following hardware was used: 

1) GPS Trimble Pathfinder receiver, 

2) GPS antennae and support rod, 

3) Custom made backpack, 

4) Toshiba 386 laptop computer, and 

5) Two spare battery packs (receiver and laptop). 

GeoLink 3.0 (GeoResearch, Inc.) was installed on the laptop, and interfaced with the 

receiver to provide a realtime map display as well as current satellite status. 

Within GeoLink an attribute table was set up to prompt the user to enter an 

identification label (peg number) corresponding to each sample station. These labels 

were entered after starting the "average point" mode, and enabled a unique number 
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to be assigned to each soil sampling station. In the field, solutions (latitude, 

longitude, and elevation coordinates) were recorded every second for approximately 

three minutes at each soil sample station. All GPS positions were collected by the 

receiver, but the point data to be averaged were tagged allowing quick editing of 

peripheral solutions. The GPS receiver has a number of parameters which are set 

to produce the most accurate solutions dependent on field conditions. The receiver 

parameters for this study were set up in GeoLink (Table 1). 

Table 1. GPS settings. 

PARAMETER VALUE PARAMETER VALUE 

P D O P 10 datum units degrees 

SNR 6 tracking mode auto-3D 

elevation mask 15° time offset -6 hrs 

ellipsoid WGS 84 differential solution 

datum NAD 83 correction mode space 

Data were collected in two stages, due to limited battery life. The first file 

(soilpegl.SSF) was collected over a three hour period, in which 38 drill hole positions 

were recorded. The second file (soilpeg2.SSF) contained 19 points, and took 1.5 

hours to map. 

Differential Correction and Translation of Field Maps 

At the same time field data were being collected, the GPS base station was 

recording solutions. Base station data were collected in two files, each containing 
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four hours of data collection. Both base files were loaded into the program 

TRIMVEC Plus, Revision E (Trimble Navigation Ltd.), and concatenated into one 

eight hour file. The original field maps (soilpegl.SSF and soilpeg2.SSF) were then 

differentially corrected against the linked base file. Note, the base file was restricted 

to using the same satellite configurations as the field files. The output files 

(soilpegl.COR and soilpeg2.COR) were retrieved, ready for translation. 

Within GeoLink the DATAMAN program was utilized for file manipulation. 

The peripheral solutions between average point clusters were deleted and the fifty 

seven averaged points representing each sample station were generated from the 

multiple solution clusters previously tagged. The GIS format PC ARC/INFO 3.4D 

was selected for translation output. During translation the maps were converted to 

a Universal Transverse Mercator (UTM) projection. The translation output directory 

contained soilpegl.SML, soilpeg2.SML, and other important files. These files were 

copied to a GIS computer ready for map creation. 

Creating a GIS Coverage 

The first operation performed in ARC/INFO was to generate two coverages 

(maps generated by ARC/INFO). Each coverage was generated using the &RUN 

and CLEAN commands on the SML files. The Spring Creek soil parameter data was 

then added to both coverages using the database program dBASE 4.0 (Ashton-Tate, 

Inc.). Item names relating to soil parameters (pH, clay, EC, and SAR) at each depth 

increment were created. A total of forty items were created in the database, 
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corresponding to the four soil parameters and 10 soil depths. Each item contained 

records relating to parameter values at soil sample stations. The values of 

parameters assigned to each record were obtained through Inter-mountain 

Laboratories, Inc.. Records representing sample stations with no parameter data 

were assigned a value of 0. 

Following database creation the coverages were exported from the PC and 

imported into workstation ARC/INFO 6.11 (a powerful UNIX based system). Both 

coverages were then merged to form one continuous map of the project area. A line 

was drawn around the merged points in ARCED IT, and copied to a coverage named 

BORDER. At this stage the soil data base was validated for kriging using the GEO- 

EAS program. 

All forty items were analyzed in GEO-EAS. Sample stations for each item 

were paired to each other and categorized into separation distance classes (lags). 

The variance of each group of data pairs was plotted to create semivariograms using 

optimum lags. Models were manually fitted to the points in each semivariogram. 

Three variables were used to model the semivariogram and characterize the spatial 

relationship of soil parameters. These include the nugget, sill, and range of influence. 

At this stage the maximum values of each item were easily observed, and those items 

with no unsuitable soil parameter values were excluded from further analysis. 

Each selected item was then cross validated in the XVALID program. Cross 

validation was performed by removing each laboratory determined sample point and 

predicting its value with the semivariogram. The differences between actual and 
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predicted values was calculated and termed the error. Each distribution of errors was 

analyzed to determine if the semivariograms were valid. XVALID output included 

kriging variances, error variances, error means, and percent of errors within two 

standard deviations of the mean error (definitions on page 31). Semivariograms for 

soil parameters which were validated for kriging were then kriged in ARC/INFO 

using values from each point record in the respective coverage and the border file as 

a forced map boundary. 

Predicted points were spaced 3 m apart in a regular grid, which is the 

approximate width of a scraper blade. Kriging was confined to a spherical model, 

described by the following equations (Bratney and Webster, 1986). 

The spherical model has been used to describe two dimensional variation in soil 

(Burgess and Webster, 1980). 

Kriging output was comprised of predicted lattices and error lattices. The 

output lattices (Xlat*) were then manipulated within ARC/INFO’s raster program 

GRID to produce maps showing soil areas suitable for lifting. Each map was 

reclassified in GRID, where a value of 0 was assigned to areas with unsuitable soil 

for 0 < h < a a: range of influence 
C0: nugget value [1] 

for h > a C: sill - nugget 
h: lag distance 

Parameter Definitions 

7(h) = C0 + C 

*X is one of 10 soil depth increments (a to j) 
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parameter values. Those areas with suitable soil levels were given a value of 1. Soil 

in lift 1 (topsoil) had a set depth of 15 cm which is the amount specified by the 

Montana Department of State Lands for Spring Creek Mine soil salvaging. This 

topsoil zone was classified differently for the sodium adsorption ratio (SAR), which 

is unsuitable at SAR < 12 as opposed to SAR < 15 for lift 2 (subsoil). Table 2 shows 

limits for suitable levels of these four soil parameters in Montana. 

Table 2. Suitability criteria for Spring Creek Mine soil parameters. 

SOIL PARAMETER 

SOIL DEPTH Clay EC PH SAR 
(cm) (%> (mmhos/cm) 

0 to 15 
(topsoil) 

< 40 <8 5.5 < pH < 8.5 < 12 

> 15 
(subsoil) 

< 40 <8 5.5 < pH < 8.5 < 15 

The four soil parameters in Table 2 were tested by standard laboratory 

methods. Electrical conductivity (EC) was measured by passing a current through an 

aqueous soil extract (USDA Handbook 60, method 3A p. 84 and method 46 p. 89- 

90). The pH was determined by extract analysis from a soil paste (USDA handbook 

60 method 21A p. 102). Sodium absorption ratio (SAR) was measured on ICP 

through atomic absorption spectroscopy of Na, Ca, and Mg in an aqueous soil extract 

(USDA Handbook 60 method 3A p. 84 and method 21A p. 102). The SAR is a ratio 

between sodium and calcium and magnesium (Equation 2). Percent clay was 

estimated using the hydrometer method (ASA monograph No. 9 p. 562-566). 
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Na / 7(Ca + Mg) / 2 [2] 

The reclassified maps were grouped into similar depth increments, for 

example, clay, EC, and SAR were grouped at the 0 to 0.15 m depth increment. The 

maps of soil parameters in each depth increment were overlayed using the multiply 

option. This produced one map (layerX*) per depth increment which showed a value 

of 1 for areas where all parameters were at a suitable level. 

During the kriging process, the points which were not sampled due to shallow 

soil were removed. These areas were kriged despite being unsampled. The problem 

thus arose of how to exclude these non-sampled areas from other potentially 

salvageable areas. 

The removal of non-sampled areas was achieved by first creating ten map 

layers, each corresponding to a specific depth increment (for example, 0 to 0.15 m). 

The maps were converted to a lattice form with a 3 m spacing between points, which 

is compatible with the density of the kriged maps. The points were given a value of 

1 if the sampling depth exceeded that map’s depth increment. In the 0.15 to 0.31 m 

depth increment, for example, three areas were sampled at less than 0.31 m, and 

were assigned a value of 0, while all other areas were sampled > 0.31 m and given a 

value of 1. The ten maps for each depth increment (named DepthX*) were 

overlayed with their corresponding layerX coverages using the multiply option. The 

*X is one of 10 soil depth increments (a to j) 
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result was ten maps (X*lay) showing all the areas suitable to lift which had been 

sampled. 

Spring Creek is required to lift topsoil (upper 0.15 m) separately. Given this 

stipulation, the map for 0 to 0.15 m was designated for topsoil salvaging. According 

to staff at Spring Creek Mine, their scrapers are capable of removing an average of 

0.5 m of soil in one pass. Thus, it would be optimum to display subsoil maps in 0.5 

m depth increments, enabling a scraper to be used to its full potential for every layer 

of soil stripped. To achieve this goal adjacent subsoil maps were merged resulting 

in three subsoil maps. Each map contained 0.46 m of soil at the following depth 

increments 0.15 to 0.61 m, 0.61 to 1.07 m, and 1.07 to 1.53 m. 

Each final map was converted to a polygon coverage. The jagged edges which 

overlapped the line coverage called BORDER were clipped (removed). Each image 

was enhanced, ready for installation on a computer for realtime GPS navigation. 

A flow chart of all the GIS processes is shown in Figure 3 in chronological 

order. The chart contains many commands unique to ARC/INFO, thus it is most 

applicable to people familiar with ARC/INFO. 
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Figure 3. Flow chart of GIS operations. 
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copy DEPTHS into 10 layers ac 

DEPTHA, DEPTHS, ...etc. 

Merge lattices of items in equivalent 

depths by multiplying values to 

get LAYERA LAYERB, ..etc. 

assign a value of 1 to each layer 

wherever soil is suitable to lift 
Multiply each DEPTHX* lattice with 

its corresponding LAYERX* 

to get ALAY, BLAY, ..etc. 

Do a GRIDPOLY conversion 

with each XLAY* lattice 

Remove coverages if no 

suitable soil (cell ~ 1) is present 

Merge layers B <& C, D & E, and F & G 

to show Hit depths < .5 m (max lift depth) 

Reclassify layers to show actual depth to lift 

in the topsoil and three subsoil maps 

Overlay each of the four map layers to display 

a complete map showing total lifi depths 

across the project area 

I 
END OF PROCESS 

*X is one of 10 soil depth increments (A to J) 

Figures. Continued. 



25 

RESULTS AND DISCUSSION 

GPS Mapping Location 

The GPS map was notably improved from its original state to its corrected, 

averaged state. The following three plots show each stage of refinement. Figure 4 

displays the path of connected points which were plotted by the GPS receiver when 

recording sample station locations. One can see deviations of approximately 100 m 

outside the border of the project area. 

Figure 4. Original GPS map of soil sample stations. 
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The process of differential correction reduced errors from 100 m to within ± 

5 m of reality (Figure 5). 

Figure 5. Differentially corrected GPS path of soil sample stations. 

Some of the remaining GPS error (± 5 m) could be attributed to the two 

dimensional solutions (no elevation parameter) that the receiver collected. The 

horizontal solutions become skewed if one has changed elevation while in the two 

dimensional mode. This problem may be overcome by restricting the receiver to only 

collecting three dimensional solutions. The deviation may also be reduced using 

higher quality receivers. Survey grade units, for example, provide solutions to within 

tens of centimeters of reality. The increased accuracy is mostly due to improved 

circuitry and radio code use. 
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The third refinement involved averaging each cluster of points into a single 

point for each sample station (Figure 6). These final points were within 

approximately 2 m of each sample station’s surveyed location (estimated from a mine 

survey map). 

Figure 6. Location of soil sample stations after differential correction and 
averaging of GPS points. 

Semivariogram Models and Kriging Results 

Soil data for sampling stations were kriged in ARC/INFO based on the 

semivariogram spherical model. The semivariograms produced by ARC/INFO were 

compared with those produced in GEO-EAS. Semivariogram plots of EC at the 0.9 
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to 1.2 m depth increment have been displayed for comparison. The GEO-EAS 

model (Figure 7) showed the semivariogram as a series of points. The number of 

points may be intensified or reduced by adjusting the lag distance, which enables one 

to model the best fit between points. These points were not arrayed in an ideal 

semivariogram shape (distinct nugget, sill, and range of influence), however, they 

were sufficient to allow manual fitting of the three model parameters. The model 

output for the example in Figure 7 included a nugget of 23, sill of 48, and range of 

Figure 7. Semivariogram plot of EC from GEO-EAS. 
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influence of 185 m. The maximum variance point was below 60. As a reminder, 

GHO-EAS was developed by the Environmental Protection Agency. This program 

has become widely accepted by those involved in geostatistics, providing a standard 

approach to semivariogram modeling. Thus, GEO-EAS was used to evaluate the 

ARC/INFO semivariograms and validate the soil database for kriging. 

In contrast to GEO-EAS, ARC/INFO produced six times the number of 

semivariance points for each semivariogram, suggesting a small lag distance was 

automatically instituted. It also linked the points with a series of lines. ARC/INFO 

automatically calculated a best fit model to the semivariance points. The fitted model 

(Figure 8) shows a nugget of 18, sill of 40, and range of influence of 249 m. The 

range of influence (249 m) was likely overestimated by ARC/INFO. The maximum 

variance point of 80 was notably greater than the maximum semivariance point from 

GEO-EAS. 

The semivariogram models were fitted using a weighted least squares 

estimation technique (Me Bratney & Webster, 1986). This is a compromise between 

the generalized least squares estimation, and the ordinary least squares estimation 

equations. Weighted least squares estimation minimizes the distance between 

semivariance points as shown by the equation 

w(r;7k) = £ {7(hj) - 7(h.;r)}2 / var[7(h|)]. [3] 
J=1 J J J 

Here, W(T;7,c) is the deviation from semivariance, where r represents the vector of 

parameter estimates and represents the vector of semivariance estimates, Y(hj) is 
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Figure 8. Semivariogram plot of EC from ARC/INFO. 
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the semivariance estimate, 7(hj;r) is the jth two-dimensional semivariance expected 

from the fitted model, and var[7(hj)] is the variance of the estimate of the 

semivariance (Me Bratney & Webster, 1986). 

According to Bratney and Webster (1986), the practice of manually estimating 

the line that fits the data is unreliable. A statistically based procedure is preferred. 

Based on this statement ARC/INFO may produce a better kriging output than GEO- 

EAS although some other geostatistitians prefer manual kriging; hence, a conflict of 

opinion exists. 

Within GEO-EAS, sixteen items were found to have one or more soil samples 

that were unsuitable for salvage. These items were selected for cross validation in 

GEO-EAS, and subsequent map creation. Cross validation output is displayed in 

Table 3. Each test variable is defined below. The error mean is the mean of all 

differences (errors) between actual and predicted soil parameter values. The error 

standard deviation is a measure of the variation of the distribution of errors. The 

kriging standard deviation is the standard error of estimation computed for a kriged 

estimate (England, 1988). 

The mean of errors for clay at the 0.3 to 0.6 m depth increment (mean of 

0.625) was more skewed than any other item, but still within an estimated maximum 

allowable variation of ± 5. All other error means were within ± 0.16. Kriging 

variances were compared with respective error variances. Clay at 1.8 to 2.1 m 

exhibited a very large difference, probably due to too few sample points. On average 

EC exhibited the largest differences between kriging and error variances. The error 
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Table 3. Cross validation data from GEO-EAS. 

ITEMS CROSS VALIDATION RESULTS 

Soil 
Parameter 

Depth 
increment 

(m) 

mean of 
the errors 

error 
standard 
deviation 

kriging 
standard 
deviation 

Cumulative % of 
data within 2 error 
standard deviations 

pH 0.61 to 0.91 0.001 0.239 0.236 94.8 

PH 0.91 to 1.22 -0.001 0.216 0.219 96.8 

EC mmhos/cm 0.15 to 030 -0.052 1.672 1.457 99.1 

EC mmhos/cm 0.30 to 0.61 -0.075 3.721 3.625 99.1 

EC mmhos/cm 0.61 to 0.91 0.158 5.052 5.410 96.5 

EC mmhos/cm 0.91 to 1.22 0.094 5304 5.625 94.2 

EC mmhos/cm 1.22 to 1.52 0.077 5.221 5.094 95.5 

EC mmhos/cm 1.52 to 1.83 0.145 4.020 3322 98.6 

EC mmhos/cm 1.83 to 2.13 0.136 4.032 3.483 98.3 

EC mmhos/cm 2.13 to 2.44 0.122 4.194 3.171 96.0 

EC mmhos/cm 2.44 to 2.74 0.133 3.347 2.381 96.2 

SAR 0.61 to 0.91 -0.156 4.326 3.661 97.0 

CLAY % 0.15 to 0.30 0.066 4.479 4.497 97.7 

CLAY % 0.30 to 0.61 0.625 6.516 6.756 93.0 

CLAY % 0.61 to 0.91 -0.050 5.554 5.278 98.5 

CLAY % 1.83 to 2.13a 0.000 18.24 6.819 >75 

a This item failed the cross validation test. 

variances ranged from 5 % to 30 % more than kriging variances at depths greater 

than 1.5 m. This was probably due to less data points being available for kriging, but 

also may indicate abrupt short range changes of EC at greater depths. 

Column 6 of Table 3 shows the percent of data within two error standard 

deviations from the error mean. Six of the items had more than 97 % of the data 
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explained, of which EC at 0.15 to 0.3 and 0.3 to 0.6 m was above 99 %. These two 

EC items have few data with large variance values, and exhibit a clumping of average 

valued variances. 

The cross validation statistics do not invalidate the above items for kriging, 

however one should be aware and cautioned that when kriged, these maps may 

inaccurately predict the distribution of soil parameters in some areas. According to 

the cross validation results, the item clay at 1.8 to 2.1 m was definitely unsuitable for 

kriging due to an inadequate number of data points (2). Subsequently the points 

were interpolated using THIESSEN POLYGON. 

Thiessen polygons is a technique of calculating areas surrounding each sample 

point. Polygon areas are proportional to the distance between neighboring points. 

Each area is assigned the value of its representative sample point (record). Thiessen 

polygons are probably best used when other interpolation methods are inapplicable 

(Burrough, 1991). In this instance, two areas were calculated surrounding the two 

sample points for clay. 

The fifteen remaining items were kriged, including the less desirable but 

acceptable items EC at 0.15 to 0.3 m and 0.3 to 0.6 m, and clay at 0.3 to 0.6 m. 

During the kriging process the nugget, sill, and range of influence for each of the 

fifteen selected items were recorded and displayed alongside the GEO-EAS output. 

Table 4 displays the semivariogram results from both software. 

These results show mean values of the nugget, sill, and range of influence to 

be greater in GEO-EAS than in ARC/INFO. In both programs the large variation 
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Table 4. Semivariogram model output: GEO-EAS verses ARC/INFO. 

Soil Depth Kriging Nugget Sill Range of 
Parameter (m) program variance variance influence (m) 

pH 0.61 to 0.91 GEO-EAS 0.036 0.098 200 
ARC/INFO 0.02 0.051 269 

PH 0.91 to 1.22 GEO-EAS 0.027 0.099 200 
ARC/INFO 0.015 0.027 3 

EC m mhos/cm 0.15 to 0.30 GEO-EAS 0.50 2.5 60 
ARC/INFO 0.06 1.08 99 

EC mmhos/cm 030 to 0.61 GEO-EAS 6.0 18 90 
ARC/INFO 0.0 12.45 3 

EC mmhos/cm 0.61 to 0.91 GEO-EAS 20.0 51 270 
ARC/INFO 18.0 38.21 271.0 

EC mmhos/cm 0.91 to 1.22 GEO-EAS 23.0 48 185 
ARC/INFO 17.64 40.50 248.8 

EC mmhos/cm 1.22 to 1.52 GEO-EAS 18.0 46 250 
ARC/INFO 8.5 23.41 76.6 

EC mmhos/cm 1.52 to 1.83 GEO-EAS 7.0 28 250 
ARC/INFO 2.10 24.46 220.9 

EC mmhos/cm 1.83 to 2.13 GEO-EAS 7.0 25 250 
ARC/INFO 5.36 27.36 273.0 

EC mmhos/cm 2.13 to 2.44 GEO-EAS 5.0 22 250 
ARC/INFO 5.10 34.00 213.0 

EC mmhos/cm 2.44 to 2.74 GEO-EAS 1.0 19 250 
ARC/INFO 4.14 15.87 183.0 

SAR 0.61 to 0.91 GEO-EAS 5.0 40 250 
ARC/INFO 0.0 31.79 249.0 

CLAY % 0.15 to 0.30 GEO-EAS 13.0 24 100 
ARC/INFO 0.0 13.62 123.1 

CLAY % 0.30 to 0.61 GEO-EAS 35.0 39 50 
ARC/INFO 0.0 64.8 3 

CLAY % 0.61 to 0.91 GEO-EAS 16.0 38 140 
ARC/INFO 21.1 21.10 3 

CLAY % 1.83 to 2.13 GEO-EAS ♦ ♦ * 

ARC/INFO 0.0 23.84 456.0 

no data available. 
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ot these values between items prevented the differences from being significant. In 

ARC/INFO the four items pH (0.9-1.2 m), EC (0.3-0.6 m), clay (0.3-0.6 m), and clay 

(0.6-0.9 m) had ranges of influence of only 3 m. This was the smallest range possible 

(zero range of influence). It was thought that the range entered into the kriging 

command was giving errors in ranges of influence if set too small. Manipulation of 

this parameter did not change the range of influence. In contrast to ARC/INFO, the 

lowest range of influence in GEO-EAS was 50 m, which was greater than the mine 

sample spacing on the study site (32 m). As a reminder, GEO-EAS was used to 

validate the kriging operation for this project. Thus, according to GEO-EAS, Spring 

Creek Mine had an adequate sampling density for all soil parameters, and spatial 

interpolation of soil parameters throughout the project area was valid. This however, 

does not remove all concern towards the four low ranges observed in ARC/INFO, 

and the true range is unclear due to differing opinions as to the best kriging software. 

When kriged, the fifteen items were displayed as lattice plots with 3 m spacing. 

Plots of variance distributions (error maps) were also created. An example of kriging 

and variance plots for electrical conductivity at 0.9 to 1.2 m can be seen in Figure 9. 

The plot of variance (Figure 9) is a distribution of the potential variation of 

predicted EC from actual soil values, for example, where EC is predicted at 15.1 

mmhos/cm (on variance plot) one can expect a maximum variance value of 22.3, or 

standard deviation of 4.72. By .knowing the standard deviation at this location one 

can state there is a 95 % confidence that the true soil EC is at 15.1 ± 9.44 

mmhos/cm. The border of this project area exhibited the highest variances due to 
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KRIG1NG PLOTS FROM ARC/INFO 

PREDICTED DISTRIBUTION OF ELECTRICAL CONDUCTIVITY Electrical Conductivity 
{mm h os/cm} 

AT TUP n Q TO 17m npPTW IfcimPMPMT 

VARIANCE OF ELECTRICAL CONDUCTIVITY Kriging Variance 

Figure 9. Kriging plots of EC and associated variance at the 0.9 to 1.2 meter depth 
increment. 
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fewer nearby points (edge effects). This may be overcome by extending the sampling 

grid beyond the border of the project area (Burgess and Webster, 1980b). The 

kriging plots were reclassified to show areas suitable to lift. In the example item 

suitable areas (EC < 8 mmhos/cm) were given a value of 1 (Figure 10). 

Figure 10. Plot of suitable levels of EC at the 0.9 to 1.2 meter depth increment. 

Final Map Production 

Following the kriging, reclassification, and overlaying of map layers, four lift 

maps were produced. Each lift map displays the depths of soil to be salvaged across 

the project area. The topsoil map (Figure 11) represents the upper 0.15 m of soil. 

The three subsoil maps (Figures 12, 13, and 14) each contain 0.47 m depths of soil. 
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Figure 11. Plot of depths to lift in the 0 to 0.15 meter soil zone. 

Figure 12. Plot of depths to lift in the 0.15 to 0.61 meter soil zone. 
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Figure 13. Plot of depths to lift in the 0.61 to 1.07 meter soil zone. 

Figure 14. Plot of depths to lift in the 1.07 to 1.53 meter soil zone. 
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Figure 12 represents the layer of soil from 0.15 m down to 0.61 m below the original 

soil surface. Figures 13 and 14 show the proceeding depth increments of 0.16 to 1.07 

m and 1.07 to 1.53 m respectively. Each subsoil map has a key displaying various 

depths of soil that the scraper will remove (lift) in one pass. In Figure 13 for 

example, the areas designated 0.3 m are to be lifted at a depth of 0.3 m assuming the 

scraper has salvaged all suitable soil above this depth increment. The map display 

on the scraper computer would show colors rather than shading patterns for 

distinguishing lift depths. This would allow for quick recognition of lift depth based 

on cursor location. 

Each of the four lift maps were overlayed, creating a map of total salvage 

depths (Figure 15). Note, the maximum suitable depth for salvage was 1.53 m of an 

original 2.74 m sampled. 

The application of GIS mapping technology permits the calculation of areal 

extent of salvageable soil by depth increments selected by the operator. This 

technology can help scraper operators better estimate the time required to lift each 

soil layer. Each lift map could have important features added on them. For 

example, soil islands, soil stockpiles, and roadways could be included in the 

representation. This would permit more efficient scraper navigation than is currently 

possible using standard stake or peg boundary markings. 

GIS/GPS Equipment Implementation and Costs 

An itemized list of equipment and costs was constructed (based on March 
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1994 costs) for all anticipated equipment required to perform GPS realtime 

navigation for soil salvaging at a mine (Table 5). The list contains each piece of 

major hardware and software necessary to conduct an operation. It assumes the 

mine will utilize two scrapers installed with GPS navigation equipment. High 

accuracy GPS hardware and powerful GIS software were selected to reduce error and 

improve soil salvage. The total price was $129,935, of which $94,545 was GPS 

hardware. This GPS equipment is rated to give positions in realtime accurate to tens 

of centimeters. The present cost of GIS/GPS equipment may appear high, however 

prices are dropping. High precision GPS equipment for example, has declined by a 

factor of 10 in the last eight years (Gibbons, 1994). 

Table 5. List of equipment and current prices for GPS realtime navigation. 

TYPE OF EQUIPMENT INITIAL COST 

386 laptop computer: IBM compatible, 40 Megabyte hard drive, 
using DOS. 

$1,500 

Geolink software package from GeoResearch. $2,490 

GPS receiver (rover or remote base); Trimble Land Surveyor II 
4000 series. Accurate to 2 to 5 centimeters in realtime mode 
(includes realtime accessories). 

$18,650 
x 4 units 

= $74,600 

Radio modem: Trimtalk 900 series from Trimble Navigation. $19,550 

Backpack with antennae pole from GeoResearch. $395 

386 desk top PC computer: 80 Megabyte hard drive, using 
DOS, and a high resolution color monitor. 

$1,700 
x 2 

= $3,400 

Arc/INFO version 6.11 for UNIX (list price for one license). $18,000 

Dec station computer: Supported with sufficient hard drive 
space, running on UNIX, with a high resolution color monitor. 

$10,000 

TOTAL INITIAL COST (excludes salaries) $129,935 
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If a mine applied GPS/GIS technology to its soil salvaging process it would 

find the GIS processes of database entry, kriging, reclassifying, and overlaying to be 

time consuming. It may take several bench tests for mine staff to establish a 

standard, efficient method of creating the GIS maps. The soil mapping stage would 

be rapid using realtime GPS equipment in the cost list, because the solutions would 

be accurate to tens of centimeters, thus eliminating the need for averaging techniques 

and post differential correction. When applied on a mine site, the GIS/GPS 

methodology should take approximately 42 hours to conduct, assuming staff are fluent 

in GIS/GPS. This operation would include soil mapping, GIS map compilation, and 

map installation on a scraper computer for an area similar to this study. Standard 

soil sampling may occur years in advance of soil salvaging, however, intense sampling 

can be conducted several weeks prior to salvage. This requires an expedited 

procedure, and the reported 42 hours for the GIS/GPS method would be acceptable. 

The accuracy of the GIS/GPS method is mostly dependent on the ability of the 

kriging method to predict the spatial distribution of each soil parameter. Accuracy 

is also affected by GPS solutions, which can cause tens of centimeters of error. The 

skill of the scraper operator to interpret and respond to the computer soil maps may 

also be important, but would be variable and difficult to quantify. 

Further studies are advised to determine which method is best for mine soil 

salvaging. A cost analysis of conventional procedures should be prepared. Also, one 

should compare the time for conventional interpreting of soil data and pegging the 

area for scraper navigation against the GIS/GPS method used for this project. 
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SUMMARY AND CONCLUSION 

The objective of this project was to adapt a method utilizing GPS realtime 

navigation to the process of topsoil removal on mine sites, and to evaluate the GPS 

methodologies efficiency, accuracy and cost. Investigation revealed that GPS realtime 

navigation had not yet been applied to the process of soil salvaging on mine sites. 

The project was divided into three parts: selecting a suitable project area, 

GPS soil mapping, and GIS map compilation. A 4.2 ha project area was chosen at 

the Spring Creek Mine, Montana. Soil had been sampled and analyzed at 32 m 

spacing, resulting in fifty seven sample stations in the project area. A GPS Pathfinder 

receiver interfaced with the GeoLink program was used to map each sample location. 

The maps were differentially corrected, and point clusters were averaged, resulting 

in a map with less than 2 m deviation from sampling stations. 

At the end of the editing process map files were translated within GeoLink to 

a PC ARC/INFO 3.4D format, from which coverages (ARC/INFO maps) were 

generated. A soil database was compiled for forty items, each corresponding to a soil 

parameter (pH, clay, EC, or SAR) at one of ten depth increments. Each item 

contained fifty seven records, which were parameter values for each soil sampling 

station. The PC ARC/INFO 3.4D software was unable to perform some necessary 

analysis, hence the map files were exported to work station ARC/INFO 6.11 (a 

powerful UNIX based system). 
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Semivariograms and kriging were selected for interpolating soil sample points 

across the project area. Semivariograms were validated using GEO-EAS. This 

software was developed by the Environmental Protection Agency and is widely 

accepted as a standard method of geostatistics by the mining industry. Within GEO- 

EAS 16 items were found to contain some samples with unsuitable levels of soil 

parameters. Fifteen of these items were validated for kriging. The remaining item 

(clay at 1.8 to 2.1 m) was interpolated using THIESSEN POLYGONS, which is a 

suitable choice when other geostatistics methods are inapplicable. 

Kriging was performed using ARC/INFO 6.11, in which a spherical model was 

automatically fitted to each semivariogram using the weighted least squares 

estimation technique. Geostatistitions have differing preferences between automated 

statistics based procedures verses manual estimation techniques for semivariogram 

modeling. GEO-EAS provided the manual option for estimating the model 

parameters nugget, sill, and range of influence. 

Within ARC/INFO, semivariogram models exhibited ranges of influence as low 

as 3 m. Spring Creek Mine conducted sampling at 32 m spacing in the project area. 

Thus, ARC/INFO suggests some parameters lacked spatial correlation. GEO-EAS, 

however, was used to validate the semivariograms, and the smallest range of influence 

was 50 m. Being that GEO-EAS was used for cross validation, one may conclude 

that the Spring Creek Mine project area was sufficiently sampled and exhibited 

spatial correlation between samples. The low ranges of influence observed in 

ARC/INFO were considered as outliers and disregarded. 
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ARC/INFO was used for kriging because it enabled all GIS processes to be 

contained in one program, thus increasing efficiency. Software compatibility was also 

a factor hindering the use of other kriging programs. 

Following kriging, the fifteen lattices were reclassified, overlayed, and 

enhanced, producing four final maps showing suitable lift depths. These were all less 

than 0.5 m deep, which is the maximum depth a scraper can lift in a pass. The 

deepest suitable soil (1.53 m) was located at the northwest end of the project area. 

Given optimum conditions, mine staff should be able to conduct a similar 

operation to this project in 42 hours. This would include GPS mapping, GIS map 

compilation, and installation of maps on the scraper computers. The largest time 

reduction would come from refining the GIS process and secondly from using survey 

grade GPS mapping equipment which is differentially corrected in realtime. 

Minesites may conduct intensive soil sampling only several weeks prior to soil 

salvage. The estimated 42 hours for the GIS/GPS method should be sufficient to 

meet these time demands. 

The cost of GPS/GIS equipment (estimated March 1994) for a two scraper 

operation would amount to $130,000, of which $94,500 encompasses GPS hardware. 

Fortunately prices are declining rapidly, for example, high precision GPS equipment 

has declined by a factor of 10 over the last eight years. 

With respect to accuracy, the kriging process enables soil parameters to be 

optimally interpolated, so that the kriged maps best represent the soil variation. This 

reduces the human error of guessing the lift depth as a function of distance between 
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pegs. Navigation by computer maps would be dependent on the operators skill to 

interpret and respond to the computer map. An error of tens of centimeters would 

also be incurred from GPS equipment. Considerable initial time may be spent on 

training the scraper operators to use the equipment. 

Based on the results of this study, GPS realtime navigation appears beneficial, 

however, further investigation is required for sound decision making. Comparison 

studies of cost, efficiency, and accuracy between the GIS/GPS method and the 

conventional method of soil salvaging will be necessary to ascertain which method is 

best for minesite soil salvaging operations. 
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APPENDIX 

SOIL PARAMETER VALUES FOR EACH SAMPLE STATION 
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Table 6. Values of soil parameters at peg numbers 637 to 642. 

ITEM DEPTH (meters) 

PEG SOIL 
PARAMETER 

0 
to 
0.15 

0.15 
to 
0.30 

0.30 
to 
0.61 

0.61 
to 
0.91 

0.91 
to 
1.22 

1.22 
to 
1.52 

1.52 
to 
1.82 

1.82 
to 
2.13 

2.13 
to 
2.44 

2.44 
to 
2.74 

637 pH 7.9 7.9 8.0 7.9 7.7 7.4 - 

E.C. 0.87 1.62 8.81 7.10 3.92 3.90 - 

SAR 1.18 2.36 9.21 9.35 5.12 4.87 - 

X CLAY 28.0 24.4 23.5 22.5 26.2 26.2 - 

638 pH 7.6 7.6 7.9 8.1 8.1 8.1 8.1 8.0 7.9 7.9 

E.C. 0.75 0.68 1.29 12.4 16.4 15.4 13.5 11.5 9.55 7.64 

SAR 0.29 0.46 1.31 3.29 - 

X CLAY 18.0 20.7 19.8 20.7 - 

639 pH 7.3 7.2 7.7 7.9 7.9 8.0 8.0 8.0 8.0 7.9 

E.C. 0.85 0.65 0.61 1.52 7.93 9.60 9.78 9.64 8.28 9.51 

SAR 0.49 0.44 0.72 1.20 2.52 3.28 3.84 - 

X CLAY 17.1 19.8 24.4 32.5 29.8 38.0 38.9 - 

640 pH 7.5 7.6 7.9 8.1 7.8 8.0 8.0 

E.C. 0.96 0.57 0.63 3.34 11.6 15.5 15.3 

SAR 0.42 0.32 0.75 2.72 5.82 - 

X CLAY 31.6 37.1 38.9 30.7 33.5 - 

641 pH 7.1 7.6 7.9 7.8 8.0 8.2 8.1 - 

E.C. 1.14 0.62 0.60 4.44 13.6 15.9 15.6 - 

SAR 0.30 0.41 0.66 1.00 - 

X CLAY 28.9 32.5 38.0 28.0 - 

642 pH 8.1 7.7 7.9 7.9 8.0 8.0 8.2 - 

E.C. 1.15 0.61 0.63 4.85 8.71 11.8 13.0 - 

SAR 0.40 0.39 0.76 2.01 5.60 7.80 - 

X CLAY 28.9 27.1 29.8 40.5 31.5 29.1 - 
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Table 7. Values of soil parameters at peg numbers 643 to 648. 

ITEM DEPTH (meters) 

PEG SOIL 
PARAMETER 

0 
to 
0.15 

0.15 
to 
0.30 

0.30 
to 
0.61 

0.61 
to 
0.91 

0.91 
to 
1.22 

1.22 
to 
1.52 

1.52 
to 
1.82 

1.82 
to 
2.13 

2.13 
to 
2.44 

2.44 
to 
2.74 

643 pH 7.5 7.7 7.9 8.0 8.2 8.3 8.0 - 

E.C. 1.43 0.58 0.97 10.3 13.6 14.5 14.3 - 

SAR 0.41 0.51 1.15 4.33 - 

% CLAY 26.9 28.7 35.1 30.0 - 

644 pH 7.1 7.6 7.5 - 

E.C. 1.86 0.78 0.81 - 

SAR 0.43 0.32 0.46 - 

X CLAY 29.6 31.5 33.3 - 

645 pH 7.3 7.9 8.2 8.3 8.2 8.2 8.3 8.1 8.1 8.1 

E.C. 1.14 0.81 6.49 16.0 16.6 21.5 18.5 17.3 17.2 16.7 

SAR 0.55 2.41 9.89 - 

X CLAY 30.5 35.1 30.5 - 

646 pH 7.7 8.1 7.8 8.2 8.3 8.3 8.3 8.3 - 

E.C. 1.73 0.71 6.65 13.7 17.3 19.6 19.8 18.5 - 

SAR 1.08 1.73 5.18 - 

X CLAY 31.5 36.9 33.3 - 

647 pH 7.5 8.0 8.1 8.4 8.4 8.3 8.2 8.3 - 

E.C. 1.19 1.39 7.81 18.3 22.0 21.4 19.2 18.5 - 

SAR 0.73 3.22 8.89 - 

X CLAY 29.6 35.1 30.5 - 

648 pH 7.6 7.8 7.6 8.1 8.1 8.1 8.2 8.2 8.1 8.1 

E.C. 0.88 0.68 4.45 12.6 18.9 18.2 21.1 17.5 15.5 17.4 

SAR 0.62 0.74 2.19 14.1 - 

X CLAY 29.6 36.9 33.3 35.5 - 
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Table 8. Values of soil parameters at peg numbers 649 to 654. 

ITEM DEPTH (meters) 

PEG SOIL 
PARAMETER 

0 
to 
0.15 

0.15 
to 
0.30 

0.30 
to 
0.61 

0.61 
to 
0.91 

0.91 
to 
1.22 

1.22 
to 
1.52 

1.52 
to 
1.82 

1.82 
to 
2.13 

2.13 
to 
2.44 

2.44 
to 
2.74 

649 pH 7.5 8.0 8.1 8.4 8.3 8.2 8.3 8.3 8.2 8.0 

E.C. 1.47 0.8 9.01 19.2 22.5 21.1 18.8 16.6 14.7 15.0 

SAR 1.02 3.75 11.7 - 

Z CLAY 30.7 36.2 38.9 - 

650 pH 7.5 7.6 8.2 8.4 8.4 8.3 - 

E.C. 1.41 4.41 15.2 20.9 21.2 18.6 - 

SAR 0.76 3.72 - 

Z CLAY 33.5 33.5 - 

651 pH 7.7 8.0 8.2 8.4 8.4 8.4 8.4 8.4 8.2 8.2 

E.C. 1.29 2.5 16.7 19.6 19.1 19.5 20.0 18.5 17.2 17.2 

SAR 1.01 6.62 - 

Z CLAY 36.2 33.5 - 

652 pH 7.7 7.8 8.1 8.4 8.3 8.4 8.3 8.3 8.4 8.4 

E.C. 1.36 0.77 8.4 16.0 16.6 15.3 15.6 15.7 13.4 13.0 

SAR 0.71 1.84 8.18 - 

Z CLAY 28.9 29.8 35.3 - 

653 pH 7.7 7.8 8.0 7.9 8.2 8.2 - 

E.C. 0.80 0.64 0.67 7.25 13.3 13.3 - 

SAR 0.48 0.89 1.92 4.52 

Z CLAY 30.7 31.6 31.6 35.3 

654 pH 7.8 7.9 7.8 7.9 8.0 - 

E.C. 0.80 0.59 0.65 0.98 3.17 - 

SAR 0.39 0.55 0.94 1.92 3.22 - 

Z CLAY 33.5 33.5 32.5 34.4 34.4 - 
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Table 9. Values of soil parameters at peg numbers 655 to 662. 

ITEM DEPTH (meters) 

PEG SOIL 
PARAMETER 

0 
to 
0.15 

0.15 
to 
0.30 

0.30 
to 
0.61 

0.61 
to 
0.91 

0.91 
to 
1.22 

1.22 
to 
1.52 

1.52 
to 
1.82 

1.82 
to 
2.13 

2.13 
to 
2.44 

2.44 
to 
2.74 

655 PH 7.6 7.8 8.0 7.9 7.9 - 

E.C. 0.85 0.60 0.83 6.85 8.91 - 

SAR 0.34 0.62 2.62 5.01 6.52 - 

X CLAY 37.1 37.1 40.7 42.5 24.4 - 

658 pH - 

* E.C. - 

SAR - 

X CLAY - 

659 PH 7.6 7.7 7.7 - 

E.C. 0.63 0.76 2.40 - 

SAR 0.67 0.90 2.27 - 

X CLAY 37.5 42.9 41.4 - 

660 PH 7.4 7.7 7.7 7.9 7.9 - 

E.C. 0.88 0.65 0.75 2.26 5.01 - 

SAR 0.50 0.66 1.54 3.72 4.93 - 

X CLAY 31.1 35.6 35.6 37.5 37.5 - 

661 pH 7.5 7.7 7.8 7.9 8.1 8.1 - 

E.C. 0.79 0.55 1.00 6.61 7.53 7.67 - 

SAR 0.55 0.73 2.03 5.72 6.43 7.32 - 

X CLAY 30.2 28.4 31.1 34.7 33.8 32.9 - 

662 PH 7.6 7.8 7.9 7.9 8.1 8.1 8.2 8.2 8.2 - 

E.C. 0.70 0.45 3.04 11.9 14.0 12.4 12.3 12.2 12.2 - 

SAR 0.60 0.70 2.92 7.48 - 

31 X CLAY 28.4 27.5 33.8 30.2 - 

* Rock outcrop 
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Table 10. Values of soil parameters at peg numbers 663 to 668. 

ITEM DEPTH (meters) 

PEG SOIL 
PARAMETER 

0 
to 
0.15 

0.15 
to 
0.30 

0.30 
to 
0.61 

0.61 
to 
0.91 

0.91 
to 
1.22 

1.22 
to 
1.52 

1.52 
to 
1.82 

1.82 
to 
2.13 

2.13 
to 
2.44 

2.44 
to 
2.74 

663 pH 7.6 8.0 7.9 8.3 8.3 8.3 8.3 8.3 8.2 8.2 

E.C. 0.84 0.77 7.32 17.9 19.0 20.0 20.5 19.4 17.6 14.2 

SAR 0.80 3.08 9.88 - 

X CLAY 29.8 32.5 33.5 - 

664 pH 7.6 7.9 8.1 8.2 8.3 8.3 8.3 8.3 8.2 8.2 

E.C. 0.73 0.52 2.42 14.5 22.8 24.2 24.6 21.0 19.1 17.5 

SAR 1.01 1.60 7.35 - 

X CLAY 33.5 39.8 39.8 - 

665 pH 7.5 7.8 8.0 8.2 8.3 8.5 8.4 8.3 8.1 8.3 

E.C. 1.10 0.58 9.52 18.0 20.2 18.3 19.0 19.7 18.9 17.4 

SAR 1.03 1.70 11.6 - 

X CLAY 36.2 40.7 42.5 - 

666 pH 7.6 8.0 8.2 8.5 8.5 8.4 8.4 8.4 8.3 8.1 

E.C. 0.87 0.81 11.0 20.2 18.6 22.0 22.3 19.0 16.2 16.3 

SAR 0.95 5.16 14.5 - 

X CLAY 34.4 33.5 40.7 - 

667 pH 7.5 7.9 8.2 8.4 8.3 8.3 8.3 8.4 8.4 8.2 

E.C. 0.61 0.44 0.69 9.24 17.4 19.6 21.4 21.7 17.9 17.6 

SAR 0.70 0.64 4.31 20.8 - 

X CLAY 30.7 39.8 39.8 40.7 - 

668 Ph 7.5 7.9 7.9 8.3 8.3 8.3 8.3 8.2 - 

E.C. 0.59 0.52 4.17 13.8 19.7 21.9 23.2 25.7 - 

SAR 0.95 0.90 1.55 - 

X CLAY 33.5 38.0 38.9 - 
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Table 11. Values of soil parameters at peg numbers 669 to 674. 

ITEM DEPTH (meters) 

PEG SOIL 
PARAMETER 

0 
to 
0.15 

0.15 
to 
0.30 

0.30 
to 
0.61 

0.61 
to 
0.91 

0.91 
to 
1.22 

1.22 
to 
1.52 

1.52 
to 
1.82 

1.82 
to 
2.13 

2.13 
to 
2.44 

2.44 
to 
2.74 

669 pH 7.5 8.0 8.3 8.1 8.3 8.3 8.3 8.2 8.1 8.2 

E.C. 0.58 0.62 2.42 14.7 21.9 23.3 24.0 25.3 23.3 21.1 

SAR 0.87 3.23 13.5 - 

Z CLAY 37.3 40.0 32.7 - 

670 pH 7.3 7.8 7.7 7.6 7.6 7.7 - 

E.C. 1.37 0.55 0.55 0.61 .051 0.53 - 

SAR 0.87 0.66 0.56 0.57 0.63 0.71 - 

Z CLAY 29.1 30.0 32.7 31.8 32.7 33.6 - 

671 PH 7.4 7.8 7.9 8.2 7.8 8.0 8.1 8.1 - 

E.C. 0.54 0.44 7.73 18.0 18.1 17.2 16.6 14.8 - 

SAR 0.51 1.14 4.80 - 

Z CLAY 27.3 33.6 36.4 - 

672 pH 7.4 7.8 8.1 7.9 7.1 8.2 8.2 8.2 8.1 8.1 

E.C. 0.93 0.50 0.59 6.72 13.2 15.4 18.2 18.3 18.4 17.3 

SAR 0.62 0.60 1.23 5.12 - 

Z CLAY 33.6 39.1 40.9 42.7 - 

673 pH 7.4 7.6 8.0 7.7 7.8 7.9 8.1 - 

E.C. 0.86 0.61 0.53 4.14 6.47 10.1 14.9 - 

SAR 0.53 0.64 0.70 0.92 3.05 6.92 - 

Z CLAY 28.2 35.5 35.5 36.4 31.8 20.9 - 

674 PH 7.4 7.9 8.0 7.5 7.8 - 

E.C. 0.99 0.50 0.58 3.91 9.07 - 

SAR 0.51 0.54 0.54 0.80 3.68 - 

Z CLAY 37.3 40.0 35.5 31.8 32.7 - 
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Table 12. Values of soil parameters at peg numbers 675, 676, and 823 to 826. 

ITEM DEPTH (meters) 

PEG SOIL 
PARAMETER 

0 
to 
0.15 

0.15 
to 
0.30 

0.30 
to 
0.61 

0.61 
to 
0.91 

0.91 
to 
1.22 

1.22 
to 
1.52 

1.52 
to 
1.82 

1.82 
to 
2.13 

2.13 
to 
2.44 

2.44 
to 
2.74 

675 pH 7.5 7.8 7.8 8.0 8.0 7.7 7.9 8.0 - 

E.C. 1.07 0.56 0.81 0.68 0.79 4.11 6.41 8.54 - 

SAR 0.43 0.74 0.88 1.27 4.24 1.22 2.43 3.44 - 

X CLAY 21.8 20.9 32.7 32.7 31.8 30.0 36.4 44.5 - 

676 pH 7.5 7.7 8.1 8.2 7.9 8.0 8.0 8.1 8.0 8.0 

E.C. 0.88 0.60 0.59 0.72 4.01 10.4 11.5 12.1 10.5 10.4 

SAR 0.56 0.61 0.97 2.47 3.28 4.66 5.88 - 

X CLAY 22.7 24.5 26.4 25.5 28.2 36.4 40.0 - 

823 PH 7.2 7.4 8.0 8.2 8.3 8.2 8.3 8.2 8.2 - 

E.C. 0.77 0.55 0.73 3.61 9.00 9.97 7.66 7.51 9.02 - 

SAR 0.55 0.48 3.25 8.80 9.88 10.2 - 

X CLAY 23.5 28.0 29.8 30.7 36.2 29.8 - 

824 pH 6.9 7.4 7.7 8.4 8.4 8.1 8.1 8.1 8.2 8.2 

E.C. 0.54 0.38 0.43 0.62 2.19 4.84 8.19 10.6 10.1 10.4 

SAR 0.46 0.40 0.87 5.51 7.99 6.24 5.88 7.05 - 

X CLAY 18.9 20.7 27.1 28.9 26.8 28.0 30.7 31.6 - 

825 pH 7.4 7.7 7.7 7.8 8.0 8.2 8.2 8.3 8.2 8.2 

E.C. 0.73 0.49 1.45 1.82 8.92 14.7 17.2 16.7 16.6 16.2 

SAR 0.34 0.43 1.45 1.32 4.51 - 

X CLAY 29.8 33.5 27.1 23.5 27.5 - 

826 pH 7.3 7.6 7.8 8.2 7.9 - 

E.C. 0.82 0.49 0.64 1.96 6.41 - 

SAR 0.43 0.41 0.92 3.70 4.33 - 

X CLAY 28.0 33.5 27.1 21.6 33.8 - 
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Table 13. Values of soil parameters at peg numbers 827 to 832. 

ITEM DEPTH (meters) 

PEG SOIL 
PARAMETER 

0 
to 
0.15 

0.15 
to 
0.30 

0.30 
to 
0.61 

0.61 
to 
0.91 

0.91 
to 
1.22 

1.22 
to 
1.52 

1.52 
to 
1.82 

1.82 
to 
2.13 

2.13 
to 
2.44 

2.44 
to 
2.74 

827 pH 7.3 7.7 8.1 7.9 8.0 8.0 8.1 8.0 8.1 8.1 

E.C. 0.84 8.53 8.56 3.96 8.79 9.87 10.2 9.91 9.89 10.1 

SAR 0.32 0.36 1.16 3.79 5.62 6.82 - 

X CLAY 24.4 28.9 20.7 28.4 36.5 37.5 - 

828 pH 7.3 7.6 8.0 7.9 7.7 7.9 8.0 7.9 8.0 - 

E.C. 0.74 0.49 0.80 6.22 10.7 11.4 12.7 11.6 12.8 - 

SAR 0.32 0.5 4.46 12.8 11.9 11.2 - 

X CLAY 27.5 32.0 32.0 34.8 32.9 32.0 - 

829 pH 7.6 7.9 8.1 8.2 8.2 8.2 8.4 8.2 8.3 8.2 

E.C. 0.68 0.66 6.15 17.7 18.9 19.4 19.6 18.4 18.4 18.0 

SAR 0.66 3.17 10.2 - 

X CLAY 28.1 25.5 38.4 - 

830 pH 7.5 7.6 8.1 8.2 8.2 8.1 8.2 8.1 8.3 7.6 

E.C. 0.94 0.42 ..63 4.58 10.6 13.4 12.0 11.9 8.31 0.55 

SAR 0.64 0.42 1.81 7.58 10.4 - 

X CLAY 23.6 29.1 26.4 35.6 33.8 - 

831 pH 7.6 7.9 8.1 8.3 8.3 8.2 8.3 8.3 - 

E.C. 0.55 0.42 3.65 10.9 14.5 16.5 14.0 13.6 - 

SAR 0.72 0.93 6.88 14.0 - 

X CLAY 26.4 30.0 13.6 33.6 - 

832 pH 7.5 7.7 8.1 8.6 8.9 - 

E.C. 0.78 0.56 0.51 0.87 1.19 - 

SAR 0.50 0.82 1.55 8.98 13.9 - 

X CLAY 32.7 32.7 29.1 37.3 30.0 - 
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Table 14. Values of soil parameters at peg numbers 833 to 839. 

ITEM DEPTH (meters) 

PEG SOIL 
PARAMETER 

0 
to 
0.15 

0.15 
to 
0.30 

0.30 
to 
0.61 

0.61 
to 
0.91 

0.91 
to 
1.22 

1.22 
to 
1.52 

1.52 
to 
1.82 

1.82 
to 
2.13 

2.13 
to 
2.44 

2.44 
to 
2.74 

833 pH 7.7 7.9 7.9 8.1 8.2 8.1 - 

E.C. 0.51 0.43 6.79 13.0 12.8 11.5 - 

SAR 0.49 0.60 4.86 - 

Z CLAY 35.5 34.5 27.3 - 

834 pH 7.8 7.9 8.1 8.1 8.1 7.9 - 

E.C. 0.57 3.59 12.6 14.3 12.5 12.4 - 

SAR 1.05 4.95 7.49 - 

X CLAY 35.5 35.5 34.5 - 

835 pH 7.6 8.0 8.0 7.9 8.1 8.1 - 

E.C. 0.70 7.44 2.09 9.28 9.44 8.87 - 

SAR 0.50 0.62 3.82 4.66 5.61 - 

X CLAY 30.9 30.9 22.7 28.2 28.2 - 

836 pH 7.7 7.8 7.9 8.1 8.3 8.4 - 

E.C. 0.64 0.44 0.41 0.44 0.66 0.77 - 

SAR 0.41 0.45 0.57 0.88 1.01 1.56 - 

X CLAY 33.6 31.8 31.8 19.1 25.5 23.6 - 

837 pH 7.9 8.1 8.0 8.2 8.2 8.2 8.2 - 

E.C. 0.42 0.50 7.66 13.6 15.1 14.2 11.7 - 

SAR 0.39 1.54 5.06 - 

X CLAY 27.3 28.2 12.7 - 

838 pH 7.5 7.8 7.9 7.1 8.1 - 

E.C. 0.62 0.49 2.70 4.99 3.57 - 

SAR 0.45 1.58 4.77 7.12 8.71 - 

X CLAY 33.6 40.9 32.7 25.5 25.5 - 

839 pH 7.2 7.6 7.8 - 

EC 0.83 0.46 0.82 - 

SAR 0.33 0.88 1.79 - 

X CLAY 39.1 38.2 40.0 - 

TotlTj peg numbers 8A0 and 841 were rock outcrops, and thus omitted. 


