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The limestone geology was again mapped by Bush and McFadden (1986) of the 

University of Idaho.  Due to the unfavorable condition of the quarry, Williams (1985) 

was again contracted to investigate rehabilitation options.  At that time the U.S. Bureau 

of Land Management conducted an investigation into the substandard condition of the 

quarry (Robbins, 1985). 

From 1986 to 1988, several generations of mine plans, economic evaluations, and 

marketing studies were conducted.  Hautala (1986, 1987, 1988) completed three 

generations of mine plans for MCQ over that period of time.  The Council of Energy 

Resource Tribes completed two economic evaluations for MCQ (Cram et al., 1986; 

Muller, et al., 1987).  During 1991, the U.S Bureau of Mines - Minerals Availability 

Field Office was appointed to review and update proposed plans on the mining and sale 

of limestone from MCQ as well as to perform a market study for limestone and limestone 

products and a financial analysis for continued production at the quarry (Bornemann and 

Coffman, 1991).   

 Recently, the Tribe initiated another market study (Holmes, 2002), a rehabilitation 

investigation and transportation analysis (Tetra, 2003) and a slope stability analysis and 

industrial mineral resource assessment (this study).  
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2.2 Geologic Setting 

 

The quarry is located on the border of the Craig Mountain and the Lewiston Plateau 

physiographic divisions.  From the confluence of Mission Creek and Lapwai Creek at 

Jacques Spur to approximately two miles north of the quarry, the valley is wide with 

rolling hills and serves as an agricultural locale (Figure 2.1).  The soils here are eolian 

deposits of the Palouse loess (Othberg, 1982).  At the quarry location and towards the 

head of Mission Creek the valley is dominated by steep slopes and random benches that 

are formed from outcropping basalt flows and/or colluvial cover (Figure 2.2).  Further to 

the south the landscape becomes even more precipitous and wooded with elevations at 

the quarry ranging from 1,900 ft at creek level to over 3,000 ft to the east and west (Plate 

1).  The natural slopes range from 35 to 40.   

The earliest accounted description of the limestone was given by Ferrians (1958).  He 

indicated the limestone to be Upper Triassic in age.  His discussion noted the northern 

exposures as being “…highly deformed and slightly metamorphosed…” with less 

deformation toward the south.  A measurement of the total stratigraphic thickness was not 

possible; however Ferrians estimated the southern portion to be approximately 650 ft of 

thickness.  He also described the basalt as gently dipping to the northwest and striking in 

a northeasterly direction with typical characteristics, such as columnar jointing, 

scoriaceous to vesicular zones and blocky to massive bodies. 
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Hougland (1962) offered a very similar description of the geology in his report 

Figure 2.1 – A photograph of the farmland to the north of the quarry. 

Figure 2.2 – A view to the south illustrating the steep walled nature of 

the slopes towards the head of Mission Creek. 
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depicting the limestone as being approximately 300 ft thick stratigraphically and Upper 

Triassic in age.  He interpreted extensive folding, jointing, and faulting in the quarry 

resulting in a repetition of the limestone stratigraphy.  He described a major anticline 

trending north 30 to 40 east approximately through the center of the limestone outcrop 

and secondary folds associated with it on each of the northwest and southeast limbs.  He 

indicated the Miocene age basalt to consist of numerous flows varying in character from 

dense and flinty to columnar jointed to highly vesicular or scoriaceous.    

The most recent account of the geology at the quarry was undertaken by Bush and 

McFadden (1986).  They described seven lithologic units (Unit A through Unit G, 

respectively) within the outcropping limestone body in the quarry.  These units were 

dated at Upper Triassic via fossils found within each unit.  A relatively simple 

interpretation of the geologic structure was also given with these seven units.  This 

interpretation was contradictory as compared to those of Ferrians and Hougland.  The 

geology of the site has been found to be more congruent with the two earlier analyses 

(see section 4.1).   
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SECTION 3.0 

METHODOLOGY 

 

 

 

 

3.1 Literature Review 

 

A literature review was completed that included, 1) published materials pertaining to 

the quarry such as: topographic maps, aerial photographs, and digital elevation models 

(DEM) and 2) technical reports for background knowledge of the geological and 

geotechnical characteristics of the quarry (see Section 2.1).  Also a database of existing 

drill hole logs, chemical analyses, and any other supporting data was complied and 

examined for accuracy and usefulness.  Research for and investigation of literature 

available and relevant to this study took place throughout the study as well. 

 

 

3.2 Base Map Development and Geologic Mapping 

 

Over the summer of 2002 several trips were made to MCQ to perform preliminary 

field investigations, collect surface samples, and to produce an updated topographic map 

that could serve as a base map for the project.  In late May and through June of 2002, two 

field visits took place to gather topographic elevation data with use of global positioning 
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satellite (GPS) RTK Trimble


 surveying equipment with horizontal accuracy of plus or 

minus 10 centimeters and vertical accuracy of plus or minus 20 centimeters.  The 

elevation data was contoured using the computer programs ArcGIS


 and ArcView 3.2a


.  

The data was also supported with historic elevation information collected off of a 

topographic base map from a previous geologic study (Bush and McFadden, 1986) and 

from a DEM of the southwest quarter of the Culdesac-South 7.5 minute U.S. Geological 

Survey (USGS) quadrangle. 

Three field visits in total were made for verification of conditions as described in the 

literature review and completion of a preliminary investigation of the geology.  Mapping 

of the quarry involved verifying attitudes and orientations of the contacts, bedding, and 

joints as mapped in 1986, as well as collecting structural information for use in the slope 

stability analysis.  A distinction of structural regimes was made so that each regime could 

be targeted while performing scanline surveys.  The distinction was accomplished by 

establishing similarities within the structural makeup of the quarry headwall with use of 

observed and measured trends.  The validation of the distinct limestone units as mapped 

in 1986 and a breakdown of possible flow horizons within the basalt also was conducted.  

This was completed by preparing a geologic map of the limestone and basalt outcrops 

and via stereo-pair aerial photo interpretation and mapping. 

For discussion purposes it is necessary to identify the bench system within the quarry.  

There are four benches labeled one through four (Figure 3.1).  Bench 1 is non-continuous 

across the headwall and follows the 2300-ft contour.  Bench 2 is poorly defined by the 
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2350-ft contour, non-continuous and mostly covered with debris.  Bench 3 follows the 

2400-ft contour roughly across the length of the headwall and Bench 4 runs along the 

2500-ft line (Plate 1). 

 

 

3.3 Reconnaissance Surface Sampling and Testing 

 

During 2002 surface sampling of the in-place limestone, basalt and undersized crushed 

limestone by-product (ULB) stockpiles took place for geochemical and physical testing 

(Figure 3.2).  Sampling of the limestone and basalt was performed on a change-in-

lithology basis or as determined spatially beneficial for characterizing the two resources 

(Plate 1 shows specific locations).  Samples from the ULB stockpiles were gathered from 

the top, middle and bottom of trenches dug approximately two to three feet deep at 

several locations in the stockpiles (Plate 1 shows specific locations).  These trenches were 

dug to remove highly weathered material and to collect a better grain size distribution of 

the material.  All surface samples collected were sent to ALS Chemex Laboratories of 

Elko, Nevada for whole rock and 34-element induced coupled plasma (ICP) geochemical 

testing.   

This was done so that the calcium carbonate content of the in-place limestone and 

ULB material could be determined.  Geochemical testing of the basalt was performed to 

identify any undesirable chemical elements present (i.e. arsenic, mercury, lead, etc.).  The 
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sampling and testing of the limestone was completed in order to measure and distinguish 

between the geochemical characteristics of each of the limestone units mapped by Bush 

and McFadden (1986).  Likewise, the ULB stockpiles were sampled and tested so that the 

characteristics of the material could be defined and possible uses could be determined.  

Furthermore, 60-80 pound surface samples of the basalt were taken for physical testing.  

Two aggregate tests were run on these samples: resistance to degradation (ASTM C131) 

and soundness of aggregates (ASTM C88)  

In February of 2003 two sampling traverses were conducted within the limestone.  A 

100 ft tape measure was used to mark off sampling locations every 10 ft along Bench 1 

and Bench 4 (Plate 1).  If the limestone was outcropping or soil cover was thin enough to 

be removed and expose the bedrock, a grab sample was taken.  These sampling traverses 

were carried out so that a statistical analysis of the calcium carbonate content of each of 

the limestone units could be completed.  Initially the samples were separated spatially 

according to limestone unit.  Next, basic statistics were used to estimate the grade of each 

of the limestone units, so that a geochemical distinction between the units could be 

ascertained.  This statistical analysis included visual inspection of histograms for 

distribution of each limestone unit populations, analysis of two population variances (F-

test) and analysis of two population means (t-test). 
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3.4 Slope Stability 

 

The current condition of the quarry headwall necessitates rehabilitation for production 

to continue.  This study was charged with undertaking an initial stability analysis of the 

headwall.  It was completed with two tasks: 

1) Structural mapping with use of scanline surveys and biased surveys, and 

2) Kinematic analysis by means of stereographic interpretation. 

The next step to fully characterize the quarry headwall would be to better define the 

strength of the rock mass as well as determine pore water pressure affects if any.  Once 

those are better defined a limit equilibrium analysis could be conducted (Norrish and 

Wyllie, 1996).  This was not undertaken in this study.  An estimate of the strength 

parameters was made based on published literature (Hoek and Bray, 1981; Norrish and 

Wyllie, 1996) and was compared to that of the performance of the rock mass to date. 

 

 

3.4.1 Modes of Rock Slope Failure 

 

In order to discuss the analysis methods that were utilized, it is necessary to have a 

working knowledge of modes of rock slope failure so that the techniques used to 

determine if such modes were possible can be better understood.  The analysis utilized by 

this study considered three modes of failure: 1) planar failure, 2) wedge failure, and 3) 
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toppling failure.  Distinct criteria are needed for each of these failures to occur.  For 

planar failures the criteria would be a single discontinuity surface dipping out of a slope 

face or “daylighting” the slope face.  Wedge failures occur when two surfaces intersect 

and the intersection “daylights” the slope face.  Toppling is likely to occur when 

discontinuities dip steeply into the slope.  This generally arises in hard rock that is slabby 

in nature (Norrish and Wyllie, 1996). 

Illustrated in Figure 3.3 are the conceptual models (B, C and D respectively) for each 

of the failures along with example stereographic plots of dip vectors (Watts, 2003).  

Circular failures were not considered for this quarry due to the lack of evidence for their 

existence and therefore low probability of occurring.  Likewise, circular failures 

generally occur in slopes of overburden soil, waste rock, or heavily fractured rock with 

no identifiable structural pattern (Norrish and Wyllie, 1996). 

 

 

3.4.2 Markland’s and Goodman’s Failure Criteria 

 

A set of criteria have been offered by Markland and Goodman for the kinematic 

analysis of rock slopes (Watts, 2003; Hoek and Bray, 1981).  For this discussion the 

following symbols will be used for friction angle (), slope face angle (f), single 

discontinuity dip () and intersection plunge of two discontinuities (i).  As discussed 

previously, for a planar failure to be probable a discontinuity surface must “daylight” in  
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Figure 3.3 – Typical modes of failure shown with 

stereoplots of structural dip vectors probable to cause 

failure. (after Watts, 2003) 

(taken from Watts, 2003; modified from Hoek and Bray, 

1981) 
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the slope face.  Graphically this is represented on a stereonet in Figure 3.3B and by 

equation 3.1 (Hoek and Bray, 1981).  

 

  <    < f [3.1] 

 

Likewise, similar conditions must exist for wedge failure to occur in that the 

intersection plunge of two discontinuities must satisfy equation 3.2 (Figure 3.3C; Hoek 

and Bray, 1981). 

 

  < i < f [3.2] 

 

For toppling to occur the pole dip, which is the quantity (90 - ), of a discontinuity 

plus the friction angle must be less than the slope face angle (equation 3.3 and 

Figure3.3D; Watts, 2003).  

 

(90 - )  +   < f [3.3] 

 

Another criteria to consider for toppling to be possible is if the strike of the 

discontinuities lies within a ± 30 window from that of the dip direction of the slope-face 

(Goodman, 1980).  This near parallel configuration creates a more likely opportunity for 

toppling failure due to movement preferentially occurring along dip direction.  A similar 
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approach can also be used when analyzing for planar and wedge failures.  Discontinuity 

surfaces and intersecting discontinuity surfaces falling within a ± 30 window will be 

more probable to fail kinematically than those that are further from parallel to the slope-

face dip direction for the same preferential reasons.  This relationship was established 

after observation of slope failures generally occurring only in these scenarios (Watts, 

2003).   

 Other minor slope failures were observed on-site.  Raveling of silt to pebble sized 

material was quite common.  This process has been attributed to the detachment of 

material from the slope due principally to water freezing and thawing in cracks.  It could 

also be a deterioration of cementing agents (Hoek and Bray, 1981).  Rock fall composed 

of up to 2 ft diameter boulders was observed during road maintenance and construction 

for drilling.  These failures are caused under similar circumstances.  If a slope is steep or 

overhanging rock fall is likely.  Freezing and thawing typically weakens rock joints 

eventually causing rock fall (Zaruba, 1987). 

 

 

3.4.3 Structural Mapping 

 

The analysis of the quarry headwall stability began with the measurement of 

discontinuity orientations along several scanline surveys.  This method of surveying is 

used to define the structural fabric of a rock mass in an unbiased manner.  The structural 
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fabric of a rock mass, as defined by Norrish and Wyllie (1996), is the system of structural 

discontinuities in the form of bedding surfaces, joints, foliation, or any other natural 

break in the rock.  This system is generally comprised of sets of discontinuities that are 

repeating members of similar orientation or of unique randomly oriented features. 

The scanline surveys consisted of placing a 100 ft measuring tape along an outcrop in 

the quarry.  The tape was secured to the outcrop with mason’s nails and was kept as 

straight and taught as possible (Figure 3.4).  The geographic location, survey number, 

location within the quarry, face orientation(s), scanline orientation, person recording, 

person measuring, rock type, weather and date were all recorded in a field handbook. 

 

 

Figure 3.4 – Schematic of a typical scanline survey layout.  

(modified from Brady and Brown, 1999) 
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For each of the discontinuities that intersected or was projected to intersect the 

scanline the following was recorded (Brady and Brown, 1999): 

1) Discontinuity number; 

2) D (ft), distance along the scanline (relative to the start point) at which a 

discontinuity intersects or is projected to intersect the line; 

3) L (ft), length of the discontinuity above and below the scanline, where 

applicable; 

4) T, nature of the termination point above and below, where applicable (A = at 

another discontinuity; I = in rock material; O = obscured or extending beyond 

the extremity of the exposure); 

5) Discontinuity orientation (strike and dip) – measured at or near the point of 

intersection with a brunton compass; 

6) C, curvature or waviness on a numerical scale from one to five; 

7) R, roughness of small scale irregularities on a numerical scale from one to five; 

8) Comments, any characteristics that may affect the discontinuity such as the 

nature of infilling material, aperture, seepage, and interpretation of the origin 

or type (i.e. bedding surface, joint, fault, etc.). 

The locations of the scanlines were determined by first estimating where distinct sets 

of structural features may have existed or structural regimes (Plate 1).  These regimes 

were identified while geologic mapping took place and were revised as the surveys were 

being conducted.  Three of the scanlines were approximately parallel to the headwall; 
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Scanline SL1, SL3, and SL4 (Figure 3.5).  Scanline SL2 was orthogonal to the headwall 

and adjoined Scanline 3.  One additional “pseudo” scanline survey (PSL) was completed 

by Tetra Tech RMC and was also approximately orthogonal to the headwall. 

These data along with historic data complied from Bush and McFaddens’ (1986) 

geologic map were used to perform a kinematic analysis.  This data was supplemented 

with additional orientations collected from biased surveys.  These surveys involved 

measuring discontinuities that were determined to represent major joint sets or bedding 

planes.  The additional data were used to verify the results of the initial kinematic 

analysis by comparing the discontinuity sets against the biased orientations.   

 

 

3.4.4 Kinematic Analysis 

 

Kinematics refers to the motion of bodies without reference to the forces that cause 

them to move or, in essence, geometry that allows failures is identified.  To initially 

estimate the stability of the headwall, a kinematic analysis was performed.  This involved 

the comparison of discontinuity orientations against each other to develop distinct 

structural sets.  Each of the scanlines and the historic data were analyzed separately so 

that the structural regimes, as defined while mapping and surveying, could be 

characterized. 

The discontinuity orientations were plotted on the lower hemisphere of an equal-area  
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~ North 

SL1 

SL2 SL3 

SL4 

PSL 

Bench 3 

Bench 4 

Figure 3.5 – Photo mosaic of the headwall facing east.  The locations for each of the scanlines are depicted from left to right.  Benches 3 and 4 are where the two biased surveys were conducted.  These 

photos also illustrate the current condition of the headwall with discontinuous benches. 
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projection stereonet as shown in Figure 3.6.  The respective poles were then contoured 

using the program StereoNet


  (Appendix C).  This was done to identify concentrations 

or clusters of the poles and sets of discontinuities could be developed for each of the 

structural regimes.  Once a range of the clusters was ascertained for each scanline, the 

data was plotted on a single stereonet.  This generalized version of the data was then used 

to perform a kinematic analysis employing the program ROCKPACK III


.  This program 

allows the user to quickly analyze different scenarios of slope-face orientation, slope-face 

angle (f), and friction angle () for the possibility of planar, wedge, and toppling 

failures.  Several scenarios were run through the program changing the overall slope-face 

orientation, slope-face angle, and the friction angle.  This was done so that an appropriate 

stable slope-face orientation and angle could be determined.  It should be noted that the 

economic mining considerations of slope-face orientation and angle were not taken into 

account for this analysis and are the responsibility of the mining engineer.



 

 
31 

 

 

 

 

Figure 3.6 – A) Strike, dip and dip direction can be seen 

illustrated in the perspective view.  B) Demonstration of 

three methods that can be used to represent a plane in 

space.  C) Stereonet projection of the plane onto a 2D 

surface.  (after Watts, 2003). 
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3.5 Subsurface Investigation 

 

In order to better constrain the geology of the quarry and to perform reserve estimates 

of the limestone and basalt it was necessary to conduct a subsurface investigation.  This 

study required sampling of the limestone for geochemical testing and of the basalt for 

aggregate quality testing.  Therefore, a drilling program was designed for MCQ.  The 

drilling was completed over the summer of 2003 and had several objectives: 

1) Definition of the contact between the limestone and basalt along the 

northern, eastern and southern boundaries of the property, 

2) Distinction within the two lithologies: between units for the limestone and 

between flow horizons for the basalt, and 

3) Collection of subsurface samples within both the resources. 

 

 

3.5.1 Drilling Plan Design 

 

Initially it was concluded that sampling of the limestone only necessitated the use of 

rotary drilling techniques and the basalt required core recovery.  This was established by 

means of identifying the tests that were to be performed on the respective resource 

samples.  The limestone samples were to be geochemically tested so that the calcium 

carbonate content could be estimated and a grade map of the quarry developed; so a 
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“chip” type sample was sufficient.  The quality of the basalt was to be determined using 

several aggregate tests: specific gravity, resistance to degradation, and soundness of 

aggregate.  Therefore substantial sample volume (~10-15 lbs. for each test) and 

significant grain sizes (2 - 1 ½ in. plus maximum size) were essential for the proposed 

tests to be carried out, thus core sampling was determined appropriate.  The contacts 

between the 1986 limestone units and that between the limestone and basalt were also of 

question and targeted with the drilling program. 

Sampling and geologic investigative requirements allowed two drilling options 

(Tables 3.1 and 3.2).  Initially it was proposed to core the basalt, which is overlying the 

limestone, and then switch to reverse circulation (r/c) rotary drilling to complete each 

hole in limestone (Table 3.1).  The cored portion of the drill hole was to be reamed and 

“chip” sampling of the limestone was to take place.  This program would have sampled 

approximately 1640 ft of HQ core within the basalt and 3510 ft of chips within the 

limestone. 

After discussion of this plan with several drilling companies, another option was 

developed.  The consensus from the drilling companies was that the expense of switching 

drilling methods would be comparable to that of the cost of core drilling the entire length 

of each hole.  Using a core method solely would have been approximately 5150 ft (Table 

3.2).  This option was the most appealing for this project since it allowed for the most 

interpretation of the resources. 

Therefore two options were sent to drilling companies in the request for proposals.  
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Borehole Angle from Orientation Estimated Estimated Surface

ID Horizontal (degrees) (Azimuth - degrees) Length (ft) Vertical Depth (ft) Elevation (ft)

DH03-1 45 330 850 601 2810

DH03-2 45 290 600 425 2836

DH03-3 45 290 640 453 2660

DH03-4 45 290 500 354 2660

DH03-5 45 330 500 354 2635

DH03-6 45 330 400 283 2598

DH03-7 45 290 500 354 2581

DH03-8 vertical - 100 100 2465

DH03-9 vertical - 100 100 2450

DH03-9A
4

vertical - 100 100

DH03-10 vertical - 100 100 2446

DH03-11
4

vertical - 450 450 2970

Preliminary Lengths: 4840

*Note:

4. These boreholes will only be drilled if: DH03-9 does not intersect limestone Unit F and money is available after 

all other boreholes have been drilled, respectively for DH03-9A and DH03-11.

Estimated Core Footage

5150 feet

2. All borehole lengths and locations are approximate and are subject to change upon collection of more data while 

3. Locations taken from the BIA-DEMR GIS database for the site.

1. Option 1 calls for the continuous HQ core drilling of the limestone and basalt resources.  Addtional options will 

Drill hole Angle from Orientation Estimated Estimated Estimated Estimated Surface

Number Horizontal (degrees) (Azimuth - degrees) Length (ft) Basalt Core (ft)
1

Limestone (ft)
2

Vertical Depth (ft) Elevation (ft)

DH03-1 45 330 850 300 550 601 2810

DH03-2 45 290 600 360 240 425 2836

DH03-3 45 290 640 165 475 453 2660

DH03-4 45 290 500 65 435 354 2660

DH03-5 45 330 500 140 360 354 2635

DH03-6 45 330 400 280 120 283 2598

DH03-7 45 290 500 55 445 354 2581

DH03-8 vertical - 100 - 100 100 2465

DH03-9 vertical - 100 - 100 100 2450

DH03-10 vertical - 100 - 100 100 2446

Preliminary Lengths: 3440 1065 2375

*Note:

3. All borehole lengths and locations are approximate and are subject to change upon collection of more data while drilling takes place.

1. HQ core drilling will take place through basalt material and into limestone material approximately 10 feet.

2. Option 2 calls for the drilling of the limestone is rotary or reverse circulation drilling through the limestone material until a sufficient depth or number of 

samples have been collected.  This option would also require reaming of the basalt core boreholes.  Addtional options will be entertained.

Estimated Basalt Core Footage

1640 feet

Estimated Limestone Footage

3510 feet

Table 3.1 – 2003 Exploratory Drilling Plan – Option 1 

 

Table 3.2 – 2003 Exploratory Drilling Plan – Option 2 
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Upon receipt of the bids it was concluded that core drilling both the limestone and the 

basalt was the most economic, efficient and thorough method to conduct the subsurface 

investigation and sampling of the resources. 

 

 

3.5.2 Geologic Core Logging 

 

The collected core was logged on site and included recording the following for each of 

the drill holes: project name, geologist name, drill contractor, drillers names, location, 

core size, northing/easting coordinates, drill hole orientation and angle, drill equipment, 

start and end dates, drill hole number, collar elevation, total depth, number of boxes, 

graphic log, lithologic descriptions, rock quality designation (RQD; section 3.10), percent 

recovery  measurements along with weathering and strength estimates (Appendix D). 

For the geologic materials a set description method was used.  The Unified Soil 

Classification System (USCS) was used for the description of the unconsolidated 

materials.  Along with the lithologic descriptions weathering extent, fracture density, 

discontinuity infill, mineralogy, etc. were noted throughout the length of the core.  

Typically the following description format was used. 

 

ROCK TYPE Color, grain description, ROCK TYPE, (strength), (state of 

weathering), (moisture), bedding character, notes and comments  
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USCS Color, sand grain size, SECONDARY, PRIMARY, tertiary, 

(stiffness of clay or density of sand and gravel), (moisture), notes 

and comments 

 

 

 The percent recovery is a measurement that aids in the estimation of the fracture 

extent and amount of sound, hard rock.  This can also be set at a certain level when 

bidding out projects so that a pre-established amount of core is recovered for each run.  

The following equation defines percent recovery: 

 

% Recovery = 100 * (Length of the Core  Length of Core Run) [3.4] 

 

The weathering and strength of the rock were estimated using two relative scales.  

Table 3.3 and Table 3.4 display the scales that were used while logging.  The 

nomenclature that was used on the log sheets is also included for correlation purposes. 

Each of the core boxes were also photographed subsequent to being logged.  A digital 

camera, tripod, two flood lights, ruler for scale and a dry erase board for labeling were 

used in each of the photographs (Figure 3.7).  For uniformity each core box was wetted 

using a spray bottle.  Two examples of the photographs can be seen in Figures 3.8.
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(after NAVFAC, 1982) 

Table 3.3 – Relative scale of weathering 

Log 

Sheet 

Symbol 

Grade Diagnostic Features 

FR Fresh 
No visible sign of decomposition or discoloration.  Rings when 

struck by hammer. 

SW 
Slightly 

Weathered 

Slight discoloration inwards from open fractures, otherwise 

similar to FR. 

MW 
Moderately 

Weathered 

Discoloration throughout.  Weaker minerals such as feldspar 

decomposed.  Strength somewhat less than fresh rock but cores 

cannot be broken by hand or scraped by knife.  Texture 

preserved. 

HW 
Highly 

Weathered 

Most minerals somewhat decomposed.  Specimens can be 

broken by hand with effort or shaved with knife.  Core stones 

present in rock mass.  Texture becoming indistinct but fabric 

preserved. 

XW 
Completely 

Weathered 

Minerals decomposed to soil but fabric & structure preserved 

(Saprolite).  Specimens easily crumbled or penetrated. 

Clays Residual Soil 

Advanced state of decomposition resulting in plastic soils.  

Rock fabric and structure completely destroyed. Large volume 

change. 
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(after NAVFAC, 1982) 

Table 3.4 – Relative scale of strength 

Log 

Sheet 

Symbol 

Class Strength Field Test 

Approximate 

Range of 

Uniaxial 

Compression 

Strength kg/cm
2 

VS I 
Extremely 

Strong 

Many blows with geologic 

hammer required to break intact 

specimen. 

> 2000 

S II Very Strong 

Hand held specimen breaks with 

hammer end of pick under more 

than one blow. 

2000 – 1000 

MS III Strong 

Cannot be scraped or peeled 

with knife, hand held specimen 

can be broken with single 

moderate blow with pick. 

1000 – 500 

MW IV 
Moderately 

Strong 

Can just be scraped or peeled 

with knife.  Indentations 1mm to 

3mm show is specimen with 

moderate blow with pick 

500 – 125 

W V 

Moderately 

Weak to 

Weak 

Material crumbles under 

moderate blow with sharp end 

of pick and can be peeled with a 

knife, but is too hard to hand 

trim for triaxial test specimen. 

125 – 12 
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Figure 3.8 – Core photographs from drill hole DH03-2.  Top: 

box number 26, and bottom: box number 73. 
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3.5.3 Rock Quality Designation 

 

The measurement of rock quality designation (RQD) was originally introduced as a 

simple and inexpensive method of estimating the general engineering quality of the rock 

mass.  Also, several rock mass classification schemes use RQD along with discontinuity 

spacing as factors for estimating rock mass characteristics. 

RQD is determined by summing all of the core pieces that are sound and greater than 

or equal to 4 in. in length and dividing that quantity by the length of the core run, 

equation 3.11 (after Deere, 1968; from Brady and Brown, 1999).   

 

RQD = (100) xi 

L [3.11] 

where: 

xi = the length of individual intact sound pieces of core  4 in. 

L = the length of the core run 

 

The distinction between mechanical breaks, or those generated during drilling, 

recovery, and/or handling of the core, from natural breaks is fundamental for the proper 

estimation of rock mass quality.  Therefore, care was taken to identify any breaks that 

occurred due to the drilling process and such breaks were discounted in the RQD 

calculation.  Furthermore, as a result of the drilling procedure some inherent problems are 

present with this technique including: 
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1) Rock preferentially fractures along planes of weakness during drilling creating 

difficulty in interpreting mechanical breaks from natural breaks, and 

2)  Low RQD (< 75 percent) does not necessarily indicate low rock quality. 

 

 

3.5.4 Rock Quality Designation Standards 

 

Table 3.9 (modified after Deere, 1968; in Brady and Brown, 1999) delineates general 

rock quality based on RQD values.  However, alone this is not a very good indicator of 

the overall rock quality.  When RQD is used with other indicators such as uniaxial 

compressive strength values or field observations, a better estimate of the rock quality 

can be obtained. 

 

 

 

 

 

(from Brady and Brown, 1999) 

 

 

Table 3.5 – Engineering classification of rock based on RQD 

Description of 

Rock Quality 
Excellent Good Fair Poor Very Poor 

Rock Quality 

Designation (%) 
100 - 90 90 - 75 75 - 50 50 - 25 25 - 0 
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3.5.5 Core Sampling 

 

All of the core was sampled for testing purposes.  The basalt was sampled on a 20 ft 

vertical interval so that two samples could be taken per 40 ft bench height.  The limestone 

was sampled on a 5 ft interval so that detailed information could be gathered for 

statistical analysis.  A split of the limestone core was kept so that a petrographic analysis 

could be conducted if it becomes necessary.    All of the basalt samples were sent to CTC 

Geotek for aggregate testing including: L.A. abrasion, sodium sulfate soundness, and 

specific gravity (see section 3.6, 3.7 and 3.8, respectively).  The limestone samples and 

duplicates were sent to ALS Chemex for whole rock testing and the splits were kept at 

the BIA-DEMRM (see section 3.9). 

 

 

3.6 Los Angeles Abrasion Test 

 

In order for a rock source to be approved for aggregate, several tests have been 

established for a basis of quality.  One of these tests is resistance to degradation by 

abrasion and impact as tested in the Los Angeles abrasion machine (Figure 3.9).  The 

abrasion and impact caused by vehicles is a major concern to transportation officials and 

is therefore simulated with this test.  The American Society for Testing and Materials 

(ASTM) standard test method ASTM C131 was followed while testing the basalt
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Figure 3.9 – A photograph of the Los Angeles abrasion machine 

used to test the reconnaissance samples.  A similar apparatus was 

used for the core samples. 
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resource.  The American Association of State Highway and Transportation Officials 

(AASHTO) also has a similar test method AASHTO T 96. 

The method involves grading a sample to a specific gradation (Table 3.6), in this case 

Grading “A” was used where sufficient sample grain-size was available and Grading “B” 

was used otherwise.  Grading “A” is preferred as it represents the widest range of grain 

sizes.  Once the appropriate distribution has been measured out and weighed, the material 

is placed into a drum with 12 steel spheres weighing 5000  25 grams in total and 

averaging 46.8 mm in diameter.  The drum is mechanically rotated for 100 revolutions at 

30 to 33 revolutions per minute.  The material is removed from the drum and run through 

the 1.70 mm (No. 12) sieve and the coarser fraction is weighed and recorded.  All of the 

material is placed back in the drum, being careful not to lose any sample during this mid-

stage screening, and run for an additional 400 revolutions.  The sieving process is 

repeated subsequent to the 500
th

 revolution. 

Percent loss is then calculated by subtracting the weight of material that was retained 

on the No. 12 sieve from the initial weight.  The difference is then divided by the initial 

weight of the sample and finally multiplied by 100 (equation 3.5).  This calculation is 

done for both the 100 and the 500 revolution weights of material retained on the No. 12 

sieve.  The two percentages are then used to calculate the uniform hardness value (u), 

which is the ratio of the loss after 100 revolutions over the loss after 500 revolutions 

(equation 3.6).  This number is indicative of the uniformity of the material; generally 

homogeneous materials will have a ratio around 0.2 and non-homogenous material will 
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Table 3.6 – Los Angeles abrasion grading of test samples 

(from ASTM C131) 

Sieve Size 

(Square Openings) 
Mass of Indicated Sizes, g 

Passing 
Retained 

On 

Grading 

A B C D 

37.5 mm 

(1 ½ in.) 

25.0 mm 

(1 in.) 
1250  25 … … … 

25.0 mm 

(1 in.) 

19.0 mm 

(3/4 in.) 
1250  25 … … … 

19.0 mm 

(3/4 in.) 

12.5 mm 

(1/2 in.) 
1250  10 2500  10 … … 

12.5 mm 

(1/2 in.) 

9.5 mm 

(3/8 in.) 
1250  10 2500  10 … … 

9.5 mm 

(3/8 in.) 

6.3 mm 

(1/4 in.) 
… … 2500  10 … 

6.3 mm 

(1/4 in.) 

4.75 mm 

(No. 4) 
… … 2500  10 … 

4.75 mm 

(No. 4) 

2.36 mm 

(No. 8) 
… … … 5000  10 

Total 5000  10 5000  10 5000  10 5000  10 
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typically exceed or be below that level. 

 

 Percent Loss = (Initial weight of sample – No. 12 Coarser fraction) * 100 

Initial weight of sample [3.5]    

                                  

 

Uniform Hardness (u) = 100 revolution percent loss 

500 revolution percent loss [3.6] 

 

 

3.6.1 Los Angeles Abrasion Standards 

 

Several agencies have set minimum Los Angeles abrasion standards for various uses.  

The standards included herein are those of the U.S. Department of Transportation - 

Federal Highway Administration (FHWA), State of Idaho Transportation Department 

(ITD), Washington State - Department of Transportation (WashDOT), State of Oregon - 

Department of Transportation (ODOT), American Society of Testing and Materials, and 

American Association of State Highway and Transportation Officials. 

These standards were chosen to represent the possible markets available for the basalt 

as an aggregate product.  These potential markets were identified in a market study that 

was completed in 2002 (Holmes, 2002).  Table 3.7 denotes the respective standards for 

various aggregate uses; however specifications do vary from each agency or organization.  

Equally, different commercial end-uses will have different sets of specifications for the  



 

 
48 

 

 

 

 

 

 

 

 

 

*Values are expressed as a percent loss after 500 revolutions. 

1. State of Idaho Transportation Department material specifications (ITD, 2004) 

2. State of Washington – Department of Transportation material specifications (WashDOT, 2000) 

3. American Society of Testing and Materials (ASTM, 1999a and 1999b)  

4. American Association of State Highway and Transportation Officials (AASHTO, 1995) 

5. U.S. Department of Transportation – Federal Highway Administration (USDOT, 1996) 

 

 

 

Table 3.7 – Los Angeles abrasion specifications for aggregate used in 

various types of commercial end-uses 

Construction 

Material 

*Los Angeles abrasion number (%) 

ITD
1 

WashDOT
2 

ASTM
3 

AASHTO
4 

FHWA
5 

Portland Cement  to 35  to 35  to 50  to 50  to 30 

Subbase, Base, and 

Surface Course 

Aggregate 
 to 30  NA   to 50 

Ballast   to 40    

Subpave Asphalt 

Concrete Pavement 

Aggregate 
 to 30  to 30    to 35 

Bituminous 

Surfacing 
  to 35  to 40   to 40 

Cover Material  to 30 NA    
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materials being used.  These standards were used as a guideline to analyze the Los 

Angeles abrasion results.   

 

 

3.7 Sodium Sulfate Soundness Test 

 

Another standard aggregate test is soundness of aggregates by use of sodium sulfate or 

magnesium sulfate (ASTM C 88 and AASHTO T 104).  This test simulates freeze/thaw 

action through the growth and dissolution of “salt” crystals.  A specific grain size 

distribution is required for the test and each of the particle sizes are tested separately 

(Table 3.8).  The appropriate grain-size distribution is submerged in a solution of either 

sodium sulfate or magnesium sulfate for a period of 16 to 18 hours at a temperature of 

70.  The sample is immersed to a depth such that the solution covers it by no less than ½ 

in. 

Upon completion of the immersion period the sample is removed, allowed to drain for 

approximately 15 min and placed in a drying oven at 230 F.  The sample is weighed at 2 

and 4 hr intervals so that a record can be made of the time required to dry the sample 

until a constant weight loss of no less than 0.1% sample weight after 4 hr is achieved.  

The sample is then removed, allowed to cool to room temperature and the 

immersion/drying sequence is repeated for a total of five-cycles. 

After the fifth-cycle the sample is cooled and washed with a barium chloride solution  
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Table 3.8 – Sodium sulfate soundness grading of test 

samples (from ASTM C88) 

Size (Square-Opening Sieve) Mass, g 

9.5 mm (3/8 in) to 4.75 mm (No. 4) 300  5 

19.0 mm (3/4 in) to 9.5 mm (3/8 in) 1000  10 

Consisting of:  

12.5mm (1/2 in) to 9.5 mm (3/8 in) 330  5 

19.0 mm (3/4 in) to 12.5mm (1/2 in) 670  10 

37.5 mm (1 ½ in) to 19.0 mm (3/4 in) 1500  50 

Consisting of:  

25.0 mm (1 in) to 19.0 mm (3/4 in) 500  30 

37.5 mm (1 ½ in) to 25.0 mm (1 in) 1000  50 

63 mm (2 ½ in) to 37.5 mm (1 ½ in) 5000  300 

Consisting of:  

50 mm (2 in) to 37.5 mm (1 ½ in) 2000  200 

63 mm (2 ½ in) to 50 mm (2 in) 3000  300 

Larger sizes by 25 mm (1 in) spread in 

sieve size, each fraction 
7000  1000 
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until white barium sulfate ceases to precipitate displaying the removal of the sulfate.  The 

sample is then dried again and hand-sieved on sieves slightly smaller than the original 

gradation.  The material remaining on each sieve is weighed and the percent loss is 

calculated for each of the particle sizes (equation 3.7).   

 

Percent Loss = (Initial weight – Weight retained on sieve) * 100 

Initial weight [3.7] 

 

 Next the weighted percentage loss is calculated by multiplying the respective percent 

loss by the percent by weight that is specified in the aggregate mix.  The percent by 

weight is an average of the gradation envelope for the aggregate mix.  All of the 

respective weighted percentage losses are then added together.  This number is used as a 

basis to judge the freeze/thaw durability of the material. 

 

 

3.7.1 Sodium Sulfate Soundness Standards 

 

Each of the aforementioned state organizations, ASTM, AASHTO and FHWA have 

set standards by which the results of the soundness of aggregate test can be evaluated.  

Included in Table 3.9 are the standards set by those agencies and organizations for  
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*Values are expressed as a percent loss after 5-cycles. 

1. State of Idaho Transportation Department material specifications (ITD, 2004) 

2. State of Washington – Department of Transportation material specifications (WashDOT, 2000) 

3. American Society of Testing and Materials (ASTM, 1999)  

4. American Association of State Highway and Transportation Officials (AASHTO, 1995) 

5. U.S. Department of Transportation – Federal Highway Administration (USDOT, 1996) 

Table 3.9 – Sodium sulfate soundness values for aggregate used in 

various types of commercial end-uses 

Construction 

Material 

*Los Angeles abrasion number (%) 

ITD
1 

WashDOT
2 

ASTM
3 

AASHTO
4 

FHWA
5 

Portland Cement –

Coarse Aggregate 
12 12 12 12 12 

Portland Cement -

Fine Aggregate 
 10 10 10 6 

Subbase, Base, 

and Surface 

Course Aggregate 

  NA   

Plant Surfacing 

(Bituminous) 
   15  
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sodium sulfate soundness values for different materials used in construction.  This is just 

a guide and not an exhaustive list of standards. 

 

 

3.8 Specific Gravity 

 

When determining the appropriate aggregate to use another characteristic that is 

considered is specific gravity or relative density.  Specific gravity is used in reserve 

calculations, volume calculations for mixtures containing aggregate and for volume 

requirements of individual particles.  These values can be used as an initial estimate of 

the quality of an aggregate source.  Generally rocks with higher specific gravities are of 

better quality.  The lower values can be indicative of the rock being porous, weak and 

containing absorptive materials (U.S.DOI, 1988).  However, the quality of aggregates 

should be substantiated with additional methods.  Testing was in concordance with 

ASTM C127 standard test method.  Specific gravity is calculated with equations 3.8, 3.9, 

and 3.10 (ASTM, 2001). 

 

Relative density (specific gravity) (OD) = A/(B-C) [3.8] 

Relative density (specific gravity) (SSD) = B/(B-C) [3.9] 

Apparent relative density (apparent specific gravity) = A/(A-C) [3.10] 

where: 
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A = mass of oven-dry test sample in air, g 

B = mass of saturated-surface-dry test sample in air, g, and 

C = apparent mass of saturated test sample in water, g. 

 

 

3.9 Geochemical Analyses 

 

ALS Chemex of Elko, Nevada performed a series of geochemical tests on the surface 

samples that were collected during the summer of 2002 and they include: 

 Whole rock analysis by means of Induced Couple Plasma (ICP) methods, and 

 34 Trace element analysis also via ICP. 

All of the limestone core samples were subjected to whole rock.  These tests were run: 

1) so that an estimation of the calcium carbonate content of the limestone could be 

established, and 2) to determine the levels of undesirable elements (As, Hg, Pb, etc.) in 

all of the surface samples.  The results of the whole rock analyses for the limestone, 

which were in percent by weight, were then used to approximate a range of calcium 

carbonate content by three methods:   

1) CaO method - assuming CaO wholly existed as CaCO3, 

2) Difference method - percent CaCO3 by difference again assuming that CaO 

completely existed as CaCO3, and  

3) LOI method – assuming loss on ignition (LOI) existed entirely as CO2. 
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A conversion factor of 1.78477 was used to calculate the CaCO3 percent by weight for 

the CaO and Difference methods.  The conversion factor was derived from the molecular 

weight of calcium carbonate (CaCO3) divided by the molecular weight of the lime (CaO).  

For the CaO method the recorded CaO percent by weight is simply multiplied by the 

aforementioned conversion factor.  The Difference method is quite analogous to the CaO 

method, in that an estimate of CaO is back-calculated by adding all of the whole rock 

oxide values (SiO2, Al2O3, Fe2O3, etc.; see Appendix A and I) except that of CaO and 

subtracting the total from 100.  The estimation of CaO is then multiplied by the 1.78477 

conversion factor. 

A similar technique as that of the CaO and Difference methods was used to derive a 

conversion factor of 2.27425 for the LOI method.  The molecular weight of carbonate 

(CO3
2-

) was divided by the molecular weight of carbon dioxide (CO2).  That quantity was 

then multiplied by the quantity of the molecular weight of CaCO3 divided by the 

molecular weight of CO3
2-

.  This conversion factor was then used to estimate CaCO3 by 

multiplying it by the recorded LOI numbers. 

Grading of limestone is typically based on potential uses for the material, for example, 

as a source of lime (CaO), calcium carbonate (CaCO3), carbonate (CO3
2-

), aggregate, or 

as a brightener.  When considered as a source of lime or calcium carbonate, typically 

each use has respective classes or grades associated with them.  An example of calcium 

carbonate requirements for ag-lime, human food use, and Chemical-Grade limestone are 

displayed in Table 3.10. It should be noted that the environmental classes are identical.   
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Furthermore, these standards are displayed just as an example due to their stringent 

specifications.  In cement production the CaO content of limestone is the primary 

constituent considered.  Esstentially the higher calcium carbonate present in a limestone 

the better the material since it can then be used in a wider range of products. 

 

 

 

 

 

 

 

 

Table 3.10 – Calcium carbonate percentage requirements for specific uses 

Chemical-Grade Limestone
1 

 Super-high calcium High calcium Lower grade  

% CaCO3 98 and above 95 up to 98 90 up to 95 

 

Agricultural Limestone 90-100% CaCO3 – Animal Feed Use 

 High calcium Ground Magnesium Dolomitic 

% CaCO3 98 and above 82 up to 98 60 up to 82 49 up to 60 

 

Human Food Use 

 Calcium Carbonate Calcium Oxide
1 

Calcium Hydroxide
3
  

98 and above 95 and above 92 and above 

Note: 1. The requirements for Environmental Limestone are identical to those of the 

chemical-grade limestone.  All values are in percent by weight of calcium carbonate on 

less otherwise noted.  Values obtained from ASTM and Codex standards. (ASTM, 

1995; ASTM, 1998; ASTM, 1999; Codex, 2002) 

2. Values are in percent by weight after ignition of Calcium Oxide or Lime (CaO). 

3. Values are in percent by weight of Calcium Hydroxide (Ca(OH)2). 
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3.10 Limestone Geochemical Modeling 

 

The calcium carbonate numbers as described in section 3.9 were used to estimate 

limestone grades with use of the computer program Vulcan


 by the BIA-DEMRM 

mining engineer.  This was accomplished by first developing a three dimensional model 

or envelope of the deposit based upon the surface geologic mapping and the subsurface 

investigation.  Next 40 ft composites of the data were generated so that the data could be 

compared against each other with the same weight of influence.  The next step involved 

statistically analyzing the data to determine how many population sets were present.  

Basic statistics were used including examination of: CaCO3 content versus depth graphs 

for each hole (see Appendix I); scatter plots of each of the oxide constituent versus 

CaCO3 and versus SiO2 of each hole (see Appendix I); histogram analysis of each hole 

and of the entire data set for each of the oxide constituents (see Appendix I). 

Once it was determined that only one population existed within the data, the model 

was divided into a set of 100 ft long by100 ft wide by 40 ft tall blocks and a block 

estimate was performed.  Each of the blocks was assigned geochemical values as 

projected with the inverse distance to the 5
th

 power method.  An averaged attitude for the 

limestone was taken as N65E, 60 for the plunge of the estimation ellipse.  The major 

axis, along the plunge, was 500 ft and the minor axis was 100 ft.  No more than 5 

composites were utilized from any one drill hole and no more than 16 composites in total.  

The volume of geologic resource was then estimated to a depth equal to that of the 



 

 
58 

elevation of Mission Creek.  A conservative specific gravity of 2.65 was estimated for the 

limestone tonnage calculations.  This value is below the general range for limestone, but 

is still within reasonable proximity to the low end (Dunn, 1991). 

 

 

3.11 Basalt Aggregate Modeling 

 

Modeling of the basalt resource followed much of the same path as that taken with the 

limestone.  The computer program Vulcan


 was used by the BIA-DEMRM mining 

engineer to develop a three dimensional model of the material.  A statistical analysis was 

then performed on the Los Angeles abrasion, sodium sulfate soundness and specific 

gravity results to determine if multiple populations existed within the data.  When it was 

demonstrated there were no distinct populations within the data the same procedure as 

implemented with the limestone modeling was followed with the basalt testing results.  

Composites were developed using the inverse distance to the 5
th

 power method for the 

data sets and a block estimation was performed using the same block dimensions as that 

of the limestone blocks.  Similar estimation ellipse parameters were used for the basalt 

block estimation except the estimation ellipse plunge was kept horizontal; the same major 

and minor axes dimensions were utilized.  Once the volume was calculated, tonnage 

approximations could be completed using the results from the specific gravity testing. 
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SECTION 4.0 

RESULTS AND DISCUSSION 

 

 

 

4.1 Base Map Development and Geologic Mapping 

 

 

To conduct this study the production of an updated topographic map was necessary.  

From two GPS surveys and accompanying data a map at the scale of 1 foot equals 1200 

feet with a topographic interval of 5 feet was produced (see Plate 1).  The North 

American Datum of 1983 (NAD83) and the Universal Transverse Mercator – zone 11 

north (UTM11) were used as the datum and projection, respectively. 

Contouring of the first set of GPS data displayed several anomalies within the quarry 

as well as in the surrounding slopes.  Additional elevation data from the second GPS 

survey, the 1986 base map and the Culdesac-South 7.5 minute USGS quadrangle DEM 

improved the accuracy of the topographic map; still, some anomalies exist around the 

periphery of the area contoured and in those locations that were inaccessible with the 

backpack GPS unit.  Nevertheless, the accuracy of the topographic map was sufficient for 

the application of this study.  Those anomalies associated with the periphery are not of 

major concern due to distal location to that of the major resource center; conversely, 

anomalies associated with the headwall benches such as overhanging and steep sloped 

areas may inhibit the development of an accurate mining plan, which is beyond the scope 

of this study. 
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A geologic map was constructed on aerial photographs and the topographic base from 

field observation and review of Bush and McFaddens’ work (1986) (Plate 1).  However, 

the limestone units described by Bush and McFadden were combined into one main body 

due to evidence discovered from mapping, surface sample geochemical analyses, core 

logging and core geochemical analyses.  They defined two marble units, four limestone 

units and one claystone unit.  Distinctions in the limestone were observed when moving 

across the quarry from north to south while geologic mapping and surface sampling.  

However, the outcrops were highly variable containing several transitions to and from 

distinct lithologic textures.  Bush and McFadden’s unit boundaries were generally not 

observed.  The textures showed a relationship to Bush and McFadden’s units, but the 

contacts between the units were not definable.  In general the southern exposures 

correlated to those proposed by Bush and McFadden, nevertheless the limestone body as 

a whole did not compare while surface mapping was being conducted.  Still the units may 

exist but an in depth petrographic examination of the limestone is most likely necessary.   

The outcropping limestone is highly folded, fractured, and locally faulted and 

metamorphosed making it difficult to differentiate between bedding and fracturing.   

Transitions, generally from north to south, exist throughout the outcrop ranging from: A) 

mottled dark gray lime mudstone matrix with recrystallized white calcite “blobs” to, B) 

more crystalline whitish gray limestone with black “stringer” mineralization to, C) dark 

gray lime mudstone.  Metamorphism exists to the north and at various locations within 

the limestone body with local outcrops of highly crystalline marble.  Bedding varies from 
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throughout with fractures primarily oriented parallel to bedding (N60E, 65SE) in the 

north with several subsets of orthogonal fractures becoming more prominent towards the 

central portion and vertical fracturing towards the south (see section 5.3).  It should be 

noted that the bedding attitude mentioned above is only a general attitude and that the 

bedding is highly variable and difficult to distinguish from fracturing and jointing. 

Ferrians’ (1958) and Houghland’s (1962) descriptions of the limestone body 

correlated well with observations during the surface mapping and logging of the core.  

Both Ferrians and Houghland indicated the limestone to be highly folded and faulted with 

localized metamorphism.  The limestone body, as interpreted by Houghland (1962), is a 

series of repeating interbedded shales, sandstones and calcareous materials ultimately 

representing 300 ft of stratigraphic thickness.  During the 2003 mapping, geologic 

textures encountered typically repeated across the quarry from north to south.  The 

stratigraphic thickness of the body could not be determined, but is ultimately not of 

consequence to the development of the quarry since it has been shown that there is 

sufficient material present within the existing areal extent of the limestone body. 

Five units are represented on the geologic map and they include: Late Triassic 

limestone to marble that may be correlated to the Martin Bridge Formation (Ferrians, 

1958; Bush and McFadden, 1986); Miocene basalts possibly correlated to the Grande 

Rhonde flow of the Columbia River Basalts and more specifically the Clearwater 

Embayment (Bond, 1963); Quaternary landslide materials; Quaternary stockpiled under-

sized limestone by-product (ULB); and Quaternary alluvial/disturbed materials.  Four 
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cross sections two east-west and two north-south were produced depicting the results of 

the surface mapping and the subsurface investigation (Plate 2).  The plates illustrate the 

overlying nature of the eastern basalt as well as the depth to which the limestone has been 

estimated. 

 

 

4.2 Reconnaissance Surface Sampling and Testing 

 

As part of the reconnaissance phase surface samples were gathered at locations to help 

define the resources (Plate 1).   A total of ten samples from the limestone, nine samples 

from the ULB stockpiles, and 21 samples from the basalt.  These samples were used as an 

initial estimate of the quality of the materials at Mission Creek quarry.  All of the in-place 

limestone, ULB, and 18 of the basalt samples were tested for whole rock (oxide) 

compounds and 34-element constituents.  The complete results of the geochemical testing 

of these samples are included in Appendix A.  Of the 21 basalt samples that were 

collected, only nine had aggregate tests performed.  This was due to lack of appropriate 

sample volume for the remaining samples.  The aggregate testing results in their entirety 

are included in Appendix B. 
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4.2.1 Geochemical and Statistical Testing 

 

The 34-element Induced Couple Plasma (ICP) results from the limestone and basalt 

surface samples displayed low levels of environmentally hazardous elements such as As, 

Hg, Pb, etc (see Appendix A).  All of the limestone and basalt samples were below 

detection limits for Hg and Pb.  The limestone samples were below detection limits for 

As and the basalt samples were slightly higher than an average basalt.  Whole rock 

testing of the limestone and ULB samples displayed high calcium carbonate (CaCO3) 

quality of both resources (Figure 4.2).  The limestone samples demonstrated levels above 

90 percent and at specific locations above 95 percent (Figure 4.2).  These high levels of 

CaCO3 allow the Tribe to use the material for a broad range of products.  The ULB 

samples also exhibited CaCO3 values above 90 percent, which could correlate to high 

value for the material. 

A total of 92 limestone samples were collected across Benches 1 and 4.  These 

samples were also tested for whole rock compounds.  The results of the whole rock 

analyses on the surface samples combined with the traverse samples are shown in Figure 

4.3.  The samples were grouped spatially per Bush and McFaddens’ (1986) limestone 

unit surficial delineations.  A statistical analysis was then performed on the data set in an 

attempt to estimate a geochemical signature for each of the limestone units.  It was 

assumed that the units to the north were of higher calcium carbonate content than those to 

the south. 
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The statistical analysis resulted in an unsuccessful geochemical correlation with 

geologic significance between the limestone units.  As an example of how this was 

determined the comparison of the samples from unit A and unit B will be discussed.  

Initially the variances (s
2
) of the two units were analyzed for equivalency, according to a 

standard F-test with a 0.05 level of significance.  This significance level was used so that 

a 95 percent confidence level could be established (Swans and Sandilands, 1995).  By 

comparing the variances the appropriate t-test method can be ascertained.  If the null 

hypothesis is accepted from the F-test then a standard t-test is utilized otherwise a 

modified t-test is used. 

When comparing s
2

A and s
2

B the null hypothesis was rejected.  This means that with a 

95 percent level of confidence it can be stated that s
2

A  s
2
B.  For the null hypothesis to be 

accepted the calculated F-value must be less than the critical F-value, which in this case 

was not true.  Table 4.1a illustrates the results of the F-tests performed for each 

comparison.  

Once the appropriate t-test was determined the mean () of the samples from unit A 

and unit B were then compared with a confidence level of 0.05.  In order to achieve this 

level the data was analyzed at 0.025 to account for both the positive and negative values, 

which both may cause the null hypothesis to be rejected (Swans and Sandilands, 1995).  

The t-test null hypothesis was A = B.  Acceptance of this hypothesis required the 

calculated t-value to be less than the critical t-value; this was not satisfied.  Therefore, at  
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Table 4.1a – F-test of Variances (s
2
) Statistical Results for the Traverse 

Sampling Calcium Carbonate Content 

Null Hypothesis 

(NH): s
2

1 = s
2

2                   
B C D G 

A 
Fcalc > Fcrit 

Reject NH 

Fcalc < Fcrit 

Accept NH 

Fcalc < Fcrit 

Accept NH 

Fcalc > Fcrit 

Reject NH 

B - 
Fcalc > Fcrit 

Reject NH 

Fcalc > Fcrit 

Reject NH 

Fcalc < Fcrit 

Accept NH 

C - - 
Fcalc < Fcrit 

Accept NH 

Fcalc < Fcrit 

Accept NH 

D - - - 
Fcalc < Fcrit 

Accept NH 

Table 4.1b – t-test of Means () Statistical Results for the Traverse 

Sampling Calcium Carbonate Content 

Null Hypothesis 

(NH): 1 = 2             
B C D G 

A 
tcalc > tcrit     

Reject NH 

tcalc < tcrit     

Accept NH 

tcalc < tcrit     

Accept NH 

tcalc < tcrit     

Accept NH 

B - 
tcalc < tcrit     

Accept NH 

tcalc > tcrit     

Reject NH 

tcalc < tcrit     

Accept NH 

C - - 
tcalc > tcrit     

Reject NH 

tcalc < tcrit     

Accept NH 

D - - - 
tcalc < tcrit     

Accept NH 
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a 95 percent confidence level the two means were determined to be unequal.  Table 4.1b 

displays the results of the t-testing performed. 

This process was used for each comparison for all of the units as denoted on Tables 

4.1a and 4.1b.  These two tables indicate that there are some similarities in variance and 

mean between respective units.  Those comparisons where the null hypothesis was 

accepted are the units that had similarities between them.  However, the similarities that 

would be expected geologically were not seen and therefore the units as described by 

Bush and McFadden (1986) could not be defined geochemically. 

Without distinct geochemical correlations between Bush and McFaddens’ (1986)  

mapped limestone units, their geologic delineations were not useful for this project.  

However, distinctions between the calcium carbonate content of the limestone body was 

needed; therefore the design of the subsurface investigation was based on the 1986 

information. 

 

 

4.2.2 Aggregate Testing 

 

The basalt surface samples collected during the reconnaissance study were used as an 

initial estimate of the quality of the material for use as aggregate.  The nine samples that 

had L.A. abrasion and sodium sulfate soundness testing run on them met standard 

specifications set by FHWA, WashDOT, IDOT, ODOT, ASTM and AASHTO for 
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concrete aggregate (see Table 3.7).  The samples were all below 30 percent loss after 500 

revolutions (Figure 4.4).  However, the uniform hardness values were slightly high for 

homogeneous wear.  This could be a result of the basalt breaking down early along pre- 

existing fractures in the rock and then becoming more competent once the initial 

degradation occurred, though it is uncertain.   The high uniform hardness values were 

thought to be primarily a product of the weathered nature of the surficial samples and a 

comparison of these results to those of the subsurface samples was conducted (see section 

4.6). 

The sodium sulfate soundness values were all below 12 percent loss after 5 cycles, 

except for sample NP-BST-19 (Figure 4.5), which meets the standard specifications as 

laid out in Table 3.9.  This sample exceeded specification limits at 19.98 percent loss due 

to its highly weathered nature.  This along with the high uniform hardness values could 

be indicators of the high degree of weathering the surface samples have undergone. 

The results of the geochemical and aggregate testing indicated the two resources were 

of high enough quality to continue into further stages of the industrial mineral assessment 

portion of this study.  
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4.3 Slope Stability 

 

Four scanlines (SL1, SL2, SL3, and SL4), one “pseudo” scanline (PSL), and three 

biased surveys were completed during the summer of 2003 (see Plate 1 and Figure 3.5 for 

locations).  These data along with structural information from Bush and McFadden’s 

1986 geologic map provided a total of 533 discontinuity attitudes (Appendix C).  The 

poles of these data were plotted on a lower hemisphere stereonet projection, contoured 

and generalized.  As an example, a StereoNet


 plot of the discontinuity poles (black 

circles) and contours of the discontinuity poles for scanline SL1 is shown in Figure 4.6 

(see Appendix C for all other StereoNet


 plots).  The figure also includes generalized 

poles (red stars) or those attitudes that were chosen for the center and outer range of each 

significant contour concentration of discontinuity poles.  A total of 47 attitudes were 

selected from the significant contour concentrations of each of the data sources (Table 

4.2).  These data, along with an estimate of the current headwall configuration were then 

plotted on a lower hemisphere stereonet projection so that a kinematic analysis could be 

performed. 

Two scenarios for the current conditions were estimated, a “worse case scenario” 

(Figure 4.7) and “best case scenario” (Figure 4.8).   The slope azimuths and angles for 

each scenario were taken from field observations and the strength parameters were 

estimated from literature (Hoek and Bray, 1981; Norrish and Wyllie, 1996).  The 

headwall did not demonstrate any major slope failures.  An occasional cobble-sized rock 
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Lower hemisphere - Nez Perce Mission Creek Quarry - Scanline SL1	

N=54  K=100.00  Sigma=0.540  Peak=11.84

1 %

2 %

3 %

4 %

5 %

6 %

7 %

8 %

9 %
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12 %
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1% 

Figure 4.6 – Lower hemisphere stereonet plot with contoured poles of 

scanline SL1. 

Explanation: 

- Discontinuity pole plot 

- Generalized pole plot for each significant discontinuity pole 

concentration center or range 
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Discon Data

Number Strike Dip Dir Dip Trend Plunge Source

1 73 163 60 343 30

2 55 145 70 325 20

3 51 141 53 321 37

4 84 174 62 354 28

5 230 320 37 140 53

6 339 69 71 249 19

7 339 69 61 249 29

8 339 69 80 249 10

9 330 60 72 240 18

10 350 80 72 260 18

11 48 138 72 318 18

12 34 124 73 304 17

13 61 151 77 331 13

14 174 264 60 84 30

15 151 241 64 61 26

16 154 244 33 64 57

17 129 219 36 39 54

18 179 269 22 89 68

19 50 140 84 320 6

20 62 152 81 332 9

21 31 121 83 301 7

22 262 352 86 172 4

23 220 310 86 130 4

24 347 77 69 257 21

25 356 86 67 266 23

26 334 64 76 244 14

27 185 275 35 95 55

28 161 251 35 71 55

29 191 281 17 101 73

30 202 292 41 112 49

31 27 117 65 297 25

32 49 139 61 319 29

33 296 26 68 206 22

34 288 18 68 198 22

35 288 18 75 198 15

36 287 17 62 197 28

37 281 11 69 191 21

38 123 213 70 33 20

39 218 308 41 128 49

40 273 3 83 183 7

41 35 125 89 305 1

42 30 120 62 300 28

43 22 112 76 292 14

44 42 132 77 312 13

45 49 139 55 319 35

46 252 342 87 162 3

47 255 345 68 165 22 BIAS

Data Sources: SL1 - Scanline 1

SL2 - Scanline 2

SL3 - Scanline 3

SL4 - Scanline 4

PSL - Psuedo Scanline (Tetra Tech RMC)

Historic - 1986 jointing and bedding data (McFadden and Bush)

BIAS - New joint set as collected during bias surveys

Planes Poles

SL4

PSL

Historic

SL1

SL2

SL3

Table 4.2 – Generalized range of contoured pole discontinuity concentrations 
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Figure 4.7 – Stereonet representation of the “worst case scenario” conditions of the 

quarry head wall.  ( = 30, Slope = 86,251) from Rock Pack III


 

For “worse case” conditions it was assumed the friction angle was at the lowest of 

the range estimated.  In this scenario the possibility of slope failures is high, as can 

be seen with the increased failure critical zones.  This model represents some 

conditions at the quarry as recorded while surveying, however from observation of 

the headwall it was concluded that Figure 4.8 was a more accurate portrayal. 
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Figure 4.8 – Stereonet representation of the “best case scenario” conditions of the 

quarry head wall.  ( = 40, Slope = 54,251) from Rock Pack III


.  The friction 

angle was assumed to be the highest from the range estimated for “best case” 

conditions.  Notice the low probability of any type of planar and wedge failures 

with a low to moderate likelihood for toppling. 
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Topple Failure 
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would fall on some of the steeper benches.  Raveling of sand to gravel sized material is 

frequent throughout.  Therefore, these observations of the headwall indicated that the 

“best case scenario” model matched that of the actual conditions more accurately; 

therefore it was accepted as the model for the headwall current conditions.  An example 

of a possible redesign of the slope-orientation and slope-face angle is included in Figure 

4.9.  Appendix C includes all other structural and redesign stereonet plots along with the 

current conditions as estimated from the scanline surveys and from observation of the 

headwall. 

The analysis of the data gathered across the headwall illustrated that the geologic 

structure of the quarry is very complex.  The bedding of the limestone is highly variable 

ranging from a general attitude of N60E, 65 in the north to overhanging at locations in 

the central portion of the quarry to formless in specific locations.  For modeling purposes 

the site was simplified and several discontinuity sets were generalized, as discussed 

above.  No major slope failures were observed within the quarry area, so estimates of the 

current conditions of the headwall were made with a slope-orientation of 251 azimuth, a 

slope-face angle of 54 and a friction angle of 40 (see Figure 4.8).  Rock fall of one-foot 

to three-foot diameter boulders was common during construction of the drilling roads.  

Raveling of colluvial cobble to clay size material was widespread near and around the 

steepest portions of the headwall.  Therefore, these hazards were also considered during 

the analysis. 
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Figure 4.9 – Stereonet representation of a redesign option for the quarry head wall.  

( = 40, Slope = 50,250) from Rock Pack III


 

The slope has been reoriented by one degree to the south and the slope-face angle 

decreased by four degrees.  As compared to both the current scenarios this design 

does not promote planar or wedge failures with minimal toppling possibilities. 
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The modeling process indicated that the likelihood for planar and wedge failures could 

be reduced by reorienting the headwall trend and redesigning the headwall slope-face 

angle; however, economic mining considerations should also be taken into account,  

which is beyond the scope of this study.  For these two types of failures to be possible 

either a dip vector (blue dot) or intersection of two great circles (red lines) must fall 

within the planar and wedge failure critical zone as estimated in RockPak III


.  

Generally, planar and wedge failures occur parallel to sub-parallel to the dip direction of 

the slope-face (Watts, 2003).  Therefore, by changing the orientation of the slope-trend, 

the discontinuities close to parallel with the slope-face angle direction would become 

more oblique.  Also by decreasing the slope-face angle those planes or intersecting planes 

that were previously within the planar and wedge failure critical zone could be removed. 

The opportunity for topple failures to occur can be reduced by both of the above 

methods as well, but again, mining requirements should be considered prior to designing 

the headwall.  Toppling necessitates there to be a dip vector (blue dot) in the toppling 

failure critical zone.  If the orientation of the slope-trend is modified, the slope-face angle 

is decreased, or a combination of the two is utilized, the toppling failure critical zone can 

be avoided. 

Comparing Figures 4.8 and 4.9 illustrates how the failure critical zones for all three 

failures can be reduced by: 1) decreasing the slope-face angle by several degrees and 2) 

reorienting the headwall trend by at least a few degrees to the east.  However, the 

possibility of constraining the headwall trend to this accuracy is unlikely; therefore 
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adjusting the slope-face angle is more feasible.  The failure critical zones have been 

shifted to the east slightly and reduced in size indicating there is less likelihood for 

failures to occur.  Figure 4.9 is just an example of a possible redesign and not offered as a 

recommendation.  

  

 

4.4 Drilling Program 

 

Several roads required rehabilitation and two roads were built to access the drill sites 

by the drill rig.  The conditions of the drill sites were still restricted due to the steep 

terrain and narrow roads.  The subsurface investigation resulted in the collection of 3,893 

ft of HQ core.  Eight drill holes were completed (DH03-1, DH03-2, DH03-3A, DH03-4, 

DH03-5A, DH03-5B, DH03-5C, and DH03-6) and two were abandoned (DH03-3 and 

DH03-5) (see Plate 1 for locations).  Six holes were angled at 45 from horizontal, one 

was angled at 60 from horizontal, and three were vertical.  The orientations of the angled 

drill holes were either 275 or 330 azimuth depending on location (Table 4.3).  

Sampling of the core resulted in the collection of 59 samples from the 1,463 ft of basalt 

and 483 samples and 47 duplicates from the 2,430 ft of limestone.  Details and geologic 

log sheets of each hole are included in Table 4.3 and Appendix D, respectively.  

Likewise, a summary of the 1980 exploratory drilling is included in Table 4.4 and in 
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Appendix D. 

Several difficulties with drilling lubrication and sample return were encountered near 

the top of each hole due to the highly fractured and weathered nature of the basalt and 

associated colluvium.  Drill holes DH03-3 and DH03-5 were abandoned for such reasons.  

The angle of DH03-3 too closely matched the topography of the slope introducing the 

possibility of surfacing.  Therefore, DH03-3A was drilled in its place at an angle of 60 

from horizontal as opposed to 45.  Similarly, DH03-5 experienced difficulties with lost 

circulation and caving of the drill hole due to fracturing, weathering and colluvial 

material present at the drill site.  This was accounted for by drilling three vertical holes in 

the place of the one angled hole.  Drill hole DH03-5A was drilled at the original pad site 

and DH03-5B and DH03-5C were drilled 160 ft and 270 ft to the north along the eastern 

road, respectively (see Plate 1 for locations).   

Logging of the core identified similar geologic textures within the limestone of several 

drill holes that were located in the north and south of the quarry.  Section 4.1 offers a 

brief description of the major limestone textures encountered.  For a more detailed 

description of the limestone, refer to Appendix D.  The limestone units as mapped by 

Bush and McFadden (1986) were consequently abandoned due to the lack of geochemical 

correlation with the collected surface samples and failure to geologically distinguish 

lithologic descriptions of each of the units from surface mapping and from core logging. 

The results of the subsurface investigation did not support the initial 3D model that 

was developed from the 1986 geologic map (Bush and McFadden).  All of the angles and 
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orientations for the 2003 drill holes were chosen in an attempt to drill through the 

limestone units normal to bedding.  As drilling proceeded the distinction between 

limestone units was not possible.  Transitions in geologic textures were slight and 

obscure making it difficult to delineate and describe specific limestone units.  Where 

contacts were estimated from 3D modeling, no reliable data was found that suggested a 

change in lithology.  Likewise, examination of the core throughout suggested a more 

complex geologic interpretation than that of two marble units, four limestone units and 

one claystone unit.  Therefore, the geologic model was modified to include just one 

limestone body containing a range of interbedded marble, limestone, shale, claystone, 

and clay.  This interpretation further supported the lack of distinction that was made with 

the statistical analysis of the surface sample geochemistry.  

 

 

4.5 Rock Quality Designation 

 

It should be noted that RQD is just a preliminary tool used to estimate the quality of a 

rock source for aggregate and the final assessment of the basalt should be made once the 

aggregate testing (i.e. L.A. abrasion, sodium sulfate soundness, etc.) results have been 

considered as well.  For each 2003 drill hole the rock quality designation (RQD) and 

percent recovery was recorded, however only those holes or portions of holes that were in 

basalt were considered when analyzing RQD.  DH10-1 and DH10-2 were the only drill 
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holes from the 1980 data that were taken into account.  The other 1980 drill holes were 

not considered since they were wholly in limestone and not in basalt material.  The 

overall average RQD was 36 and the average of each drill hole is shown in Table 4.5.  

The RQD and percent recovery for each core run from 1980 and 2003 is displayed in 

Appendix E.  The change in RQD with depth is illustrated in Figure 4.10.  The figure 

depicts average RQD values for basalt recovered from various depth intervals for all 

boreholes. The intervals include the first 25 ft, 50 ft, 75 ft and 100 ft below the surface or 

“top” averages of the entire data set.  It also includes average RQD values for depth 

intervals that were below the first 25 ft, 50 ft, 75 ft and 100 ft or “bottom” averages.  The 

“bottom” averages increase with depth from 42 to 59, which correlates to a rock quality 

classification of poor to fair quality.  The “top” averages remained in the very poor 

classification; however they did increase with depth from 10 to 24.  The data indicate the 

top 25 to 50 ft of material from the surface is of lower quality than that of the material 

below those depths (Figure 4.10).  Therefore the “top” 50 ft of material from the surface 

should be blended sufficiently with the material below to provide an ideal quality 

classification. 

The RQD values that were recorded are a result of the closely spaced fracturing and 

local weathering and clay infilling that was observed in the basalt.  However, the material 

is competent at grain sizes appropriate for aggregate use, as depicted with the low percent  
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Table 4.5 – Drill hole rock quality designation 

summary 

Year of 

Drilling 

Drill 

Hole ID 

Average Rock 

Quality 

Designation (%) 

Designation 

of Rock 

Quality 

1980 

Exploratory 

Drilling 

DH10-1 21 Very Poor 

DH10-2 24 Very Poor 

2003 

Exploratory 

Drilling 

DH03-1 51 Fair 

DH03-2 40 Poor 

DH03-3 0 Very Poor 

DH03-3A 38 Poor 

DH03-4 14 Very Poor 

DH03-5 3 Very Poor 

DH03-5A 49 Poor 

DH03-5B 36 Poor 

DH03-5C 41 Poor 

DH03-6 36 Poor 

Overall Average 36 Poor 
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loss obtained from the L.A. abrasion (see section 4.6) and sodium sulfate soundness core 

testing (see section 4.7). 

 

 

4.6 Los Angeles Abrasion Test 

 

Table 4.6 is a summary of the L.A. abrasion testing results from the 2003 basalt 

samples.  The data in its entirety is included in Appendix F.  A total of 36 samples were 

tested using the Grading “A” specifications and 23 were tested according to Grading “B” 

(ASTM C131).  Typically 30 percent loss after 500 revolutions of the L.A. abrasion 

machine is the maximum loss or standard specification set by transportation officials for 

Portland cement concrete (Table 3.7).  On average the core samples meet this FHWA and 

State DOT standard specification.  The average percent loss after 500 revolutions and the 

average uniform hardness ratio for each of the 2003 drill holes and the respective 

gradings is shown in Figures 4.11 and 4.12.  These Figures also include the FHWA 

Portland cement concrete standard specification of less than or equal to 30 percent loss 

after 500 revolutions.  The uniform hardness is indicative of the relative wear of the 

materials.  Homogeneous properties and uniform degradation of material throughout the 

test yields a uniform hardness ratio of about 0.200.  The overall average uniform hardness 

ratios were 0.236 and 0.242 for the “A” and “B” Gradings, respectively.  The 36 samples 
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1. Abrasion values are measured after 500 revolutions using the L.A. abrasion machine. 

2. Uniform hardness values are the ratio of 100 revolutions over 500 revolutions. 

3. Grading “A” was used for those samples where sufficient plus ¾” material was 

available (see Table 3.5). 

4. Grading “B” was used for those samples where insufficient plus ¾” material was 

available (see Table 3.5).

Table 4.6 – 2003 average Los Angeles abrasion values and 

uniform hardness ratios per grading 

Drill Hole 

Identification 

Grading “A” Grading “B” 

L.A. 

abrasion
1 

Uniform 

Hardness
2 

# of 

Samples 

L.A. 

abrasion
1
 

Uniform 

Hardness
2
 

# of 

Samples 

DH03-1 16.2 0.230 12 18.5 0.248 1 

DH03-2 16.1 0.239 9 17.1 0.234 2 

DH03-3 - - - 14.3 0.227 2 

DH03-3A - - - 14.8 0.226 3 

DH03-4 - - - 30.3 0.263 2 

DH03-5 - - - 15.1 0.225 2 

DH03-5A 21.5 0.240 3 16.5 0.235 3 

DH03-5B 19.0 0.229 4 16.1 0.250 2 

DH03-5C 15.4 0.238 3 13.5 0.232 1 

DH03-6 - - - 22.0 0.263 5 

Entire Data 

Set 
17.3 0.236 31 18.3 0.242 23 
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that satisfied the “A” Grading averaged 17.3 percent loss and the 23 samples tested 

according to the “B” Grading averaged 18.3 percent loss after 500 revolutions. 

Table 4.7 and Figure 4.13 detail the combined grading averages for each of the drill 

holes.  The two gradings were initially examined separately to determine if similarities 

existed between each set.  Once a relationship was established between the two gradings 

via comparison of L.A. abrasion, sodium sulfate soundness and specific gravity testing 

results they were combined for the final modeling. 

The 2003 core samples displayed high quality when considering their resistance to 

degradation.  The overall averages of the two gradings indicated the material is 

appropriate for most State and Federal transportation projects as an aggregate (see Table 

3.7 and Figure 4.13).  The high resistance the material displayed within specific drill 

holes presents the possibility of blending it with lower quality material effectively 

modifying the L.A. abrasion number to better meet standards.  The favorable results 

obtained from the L.A. abrasion testing are most likely due to the overall competence of 

the basalt material at specific grain sizes. 

The uniform hardness values indicate the material is slightly non-homogeneous when 

breaking down.  There is slightly higher degradation occurring during the initial 100 

cycles, but the uniform hardness is on average just above the ideal value of 0.200.  This 

indicates the material will generally breakdown uniformly over time.  The skew to non-

homogeneous degradation could be a result of the basalt initially breaking down along 

pre-established fracture planes.  The RQD reflected the abundance of fracturing in the 
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1. Abrasion values are measured after 500 revolutions using the L.A. abrasion machine. 

2. Uniform hardness values are the ratio of 100 revolutions over 500 revolutions. 

 

Table 4.7 – 2003 overall average  

Los Angeles abrasion values and uniform hardness ratios 

Drill Hole 

Identification 
L.A. abrasion

1 
Uniform Hardness # of Samples 

DH03-1 16.3 0.231 13 

DH03-2 16.3 0.238 11 

DH03-3 14.3 0.227 2 

DH03-3A 17.5 0.241 8 

DH03-4 30.3 0.263 2 

DH03-5 15.1 0.225 2 

DH03-5A 19.0 0.237 6 

DH03-5B 18.0 0.236 6 

DH03-5C 15.4 0.238 4 

DH03-6 22.0 0.263 5 

Entire Data 

Set 
17.7 0.239 59 
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material; however the scale at which RQD is representative is too coarse as compared to 

the scale of grain size proposed for the basalt as an aggregate material. 

Only one drill hole presented L.A. abrasion values that were of concern, DH03-4.  The 

high percent loss encountered at this drill hole is suspected to be a result of the high 

degree of weathering and clay development along with proximity to the surface and 

limestone contact.  The basalt material collected from DH03-4 was highly weathered 

with significant clay development throughout and generally highly fractured, weathered 

with clay infilling (see Figure 4.14).  The low specific gravity values further support the 

high degree of clay development present (see section 4.8).  This material could be 

blended with higher quality material so that the L.A. abrasion values could be lowered.  

This method will more effectively use the material available at the quarry. 

 

 

4.7 Sodium Sulfate Soundness Test 

 

The results for the sodium sulfate soundness testing of the core samples are in 

Appendix G.  A summary of the results are presented in Table 4.8 and in Figure 4.13.  

Twelve percent loss after five cycles is a standard specification for Portland cement - 

coarse aggregate for FHWA and several State DOTs.  On average the 59 core samples 

met those standard specifications.  The overall mean was 9.52 percent loss, which also 

meets DOT standards for Portland cement – fine aggregate in the states of Idaho, 
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Figure 4.14 – The material collected at DH03-4 typically showed high 

degree of fracturing, weathering and clay infill. 
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Washington and Oregon.  The average percent loss for each of the 2003 drill holes is 

shown in Table 4.8 and a graph of the average values along with the FHWA Portland 

cement - coarse aggregate standard for maximum loss of 12 percent after five cycles is 

shown in Figure 4.15.  Note the average values for DH03-3A, DH03-4 and DH03-6 are 

11.59, 53.80 and 15.21, respectively.  These values indicate low quality zones within the 

material.   

 The averages of drill holes DH03-3A, DH03-4 and DH03-6 were of concern when 

analyzing the sodium sulfate soundness testing results.  DH03-4 is of major concern with 

an average percent loss well over 50 percent.  This hole has displayed unfavorable values 

in both the sodium sulfate soundness and in the L.A. abrasion testing.  As discussed in 

section 4.6, the samples collected from this drill hole were highly fractured with clay 

infilling and generally are without any recognizable form (see Figure 4.14). 

The border-line value of DH03-3A and the slightly higher value for DH03-6 could be 

explained by the presence of highly fractured and highly weathered material present in 

these two holes.  The location of DH03-3A is such that a fault trending southwest to 

northeast is just to the north of the pad site (see Plate 1).  The proximity to this fault could 

account for the highly fractured nature of the outcrop and core samples in this drill hole 

(see Figure 4.16).  This in turn could account for the unfavorable sodium sulfate values, 

in that the basalt could be more susceptible to freeze/thaw affects due to the presence of a 

higher degree of fracturing which allows infiltration of water, or in this case salts, that 

can expand and contract breaking the material apart.



 

 
99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Sodium sulfate values are taken after five cycles of the sodium sulfate soundness test.

Table 4.8 – 2003 average sodium 

sulfate soundness values 

Drill Hole 

Identification 

Sodium Sulfate 

Soundness value
* 

DH03-1 5.68 

DH03-2 8.45 

DH03-3 8.95 

DH03-3A 11.29 

DH03-4 53.80 

DH03-5 4.15 

DH03-5A 7.19 

DH03-5B 5.97 

DH03-5C 3.96 

DH03-6 15.21 

Entire Data Set 9.52 
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Figure 4.16 – 

Two photographs 

of the drill pad at 

DH03-3 and 

DH03-3A.  The 

southwest to 

northeast 

trending fault line 

is just to the 

north or behind 

the excavator 

above.  Left: The 

basalt here was 

highly fractured 

and iron stained 

in this newly 

exposed outcrop.  

The core from 

these holes was 

similar to a depth 

of approximately 

60 feet. 
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Similarly, a distinct lineament, without proof of faulting, is located near DH03-6.  This 

lineament could account for the high degree of fracturing present in the outcrop and core 

at this location.  The area near this drill hole is highly weathered, possibly accounting for 

the lower sodium sulfate soundness values (see Figure 4.17).  Basalt colluvium consisting 

of slabby basalt boulders to cobbles surrounded by soil development was very common 

in the upper 10 to 15 ft of the hole.  Furthermore, a vesicular zone was encountered in 

this hole as well (see Figure 4.18).  The presence of vesicles could facilitate fluid 

infiltration which could then be subject to freeze/thaw affects. 

 

 

4.8 Specific Gravity 

 

Specific gravity can be used as a first estimate of the quality of an aggregate source.  

The values determined for the 59 basalt samples tested averaged 2.617 bulk oven dried 

(OD) method.  This value falls just below the typical range of specific gravity for basalt, 

which is 2.7 to 3.2 (Dunn, 1991).  The entire set of results for the core samples is 

included in Appendix H.  Table 4.9 and Figure 4.19 summarize the data.  The table 

includes the average bulk OD specific gravity for each drill hole and Figure 4.20 is a 

graphic representation of the same data 

The usefulness of specific gravity is exemplified when tonnage calculations are 

necessary during mine planning.  It has also been used as an initial indicator for the 
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Figure 4.17 – The drill pad at DH03-6 was located in typical basalt colluvium.  A 

high degree of soil development was also present just above this pad site.  Note the 

preying mantis is approximately two inches.  
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Figure 4.18 – Photographs of core Boxes 6 (top) and 7  

(bottom) from DH03-6.  At approximately 53 ft a vesicular zone 

was encountered.  Highly weathered material was also found 

locally throughout, as can be seen in these two photographs.  

The vesicles and weathered material could account for the 

higher percent loss. 

Highly Weathered Material 

Highly Weathered Material 

Vesicular Material 

 

Highly Weathered Material 

Vesicular Material 
 

Vesicular Material 
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Table 4.9 – 2003 average 

specific gravity values 

Drill Hole 

Identification 
Bulk (OD) 

DH03-1 2.696 

DH03-2 2.601 

DH03-3 2.715 

DH03-3A 2.659 

DH03-4 1.977 

DH03-5 2.727 

DH03-5A 2.605 

DH03-5B 2.567 

DH03-5C 2.727 

DH03-6 2.534 

Entire Data Set 2.617 
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quality of material, but in this case the utility it presents is limited to that of tonnage 

calculations.  Specific gravity testing was only performed on the basalt samples.  The 

slightly lower than typical values could be a result of the vesicular nature of the portions 

of the majority of the holes and the abundance of clay material in closely spaced fractures 

(see Figure 4.16 as an example).  DH03-4 has displayed lower than average values, 

which further supports the low quality of the area surrounding this drill hole.  The 

presence of clay and highly weathered basalt (see Figure 4.14 and 4.20) is likely to have 

decreased the specific gravity of this hole significantly.  Overall the specific gravity of 

the basalt material matched that of the range for typical basalt.  

 

 

4.9 Core Geochemical Analyses 

 

A total of 483 samples and 47 duplicates of limestone were tested for whole rock 

constituents.  The maximum, mean and minimum CaCO3 content of the 2003 and 1980 

drill holes were found to be 101.9 percent, 92.9 percent and 19.3 percent, respectively.  

The maximum value is within the  5 % of the error margin for the geochemical test 

used.  Tables 4.10 and 4.11 are summaries of geochemical results for each of the drill 

holes.  Figure 4.21 illustrates the high quality of the limestone.  The majority of the drill 

holes are above 90 percent CaCO3.  Three of the 2003 drill holes displayed lower than 90  
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Figure 4.20 – Photograph of Box 4 from DH03-4.  This is typical of the highly 

weathered state of the entire basalt core length.  Note the significant clay 

development, brecciated zone near the contact and various stages of spherodial 

weathering.  

Spherodial 

weathering 
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percent with DH03-5B only having an average percent of 61.4.  These three holes bring 

the overall average of the limestone body down; however the histogram in Figure 4.22 

shows the limestone samples are centralized around 92.9 percent.  The histogram also 

displays the boundaries for each of the eight standard deviations that explain the data set, 

a cumulative percentage plot and the normal to log-normal distribution of the drill holes.  

Table 4.12 details the number of samples, percent of population explained and 

cumulative percent of population explained for each of the standard deviations.  The table 

indicates the first standard deviation explains approximately 93 percent of the data with 

an increase of roughly 2 and then 3 percentages when including the second and third 

standard deviations, respectively.  The fourth, fifth, sixth, seventh and eighth standard 

deviations account for nearly 2.4 percent of the data which is not a significant portion of 

the set as a whole. 

The whole rock data in its entirety for each of the drill holes is included in Appendix I.  

The appendix also includes a scatter plot of the sample CaCO3 values versus duplicate 

CaCO3 values (Figures I.1 through I.6).  In addition there are scatter plots of the CaCO3 

content versus silicon oxide content for each of the drill holes.  These plots demonstrate 

the correlation between the CaCO3 content and the silicon oxide values.   

Geochemical distinctions were not possible within the limestone body.  The statistical 

analysis that was performed indicated a lack of significant variation between the core 

samples.  Therefore, the limestone was modeled as one population by the BIA-DEMRM 

mining engineer.  The histogram presented in Figure 4.22 indicates the presence of a   
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  Table 4.12 – Statistical breakdown of the 

limestone geochemical standard deviations 

Number of 

Standard 

Deviations 

Number of 

Samples 

Percent 

Explained 

Cumulative 

Percent 

Explained 

1 Standard 

Deviation 
779 92.85 92.85 

2 Standard 

Deviations 
24 2.86 95.71 

3 Standard 

Deviations 
16 1.91 97.62 

4 Standard 

Deviations 
5 0.60 98.22 

5 Standard 

Deviations  
9 1.07 99.29 

6 Standard 

Deviations 
1 0.12 99.41 

7 Standard 

Deviations 
3 0.36 99.77 

8 Standard 

Deviations  
2 0.24 100.01 

Total 839 100.01 - 

 

Overall 

Standard 

Deviation 

of  CaCO3 

Content 

9.2 % 
Overall Mean  

CaCO3Content 
92.9 % 
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normal to log-normal distribution population with almost 93 percent of the data explained 

within the first standard deviation and up to nearly 98 percent explained with the second 

and third standard deviations.  This further supports the assumption that only one 

population exists within the data set. 

Drill holes DH03-5A, DH03-5B and DH03-5C all displayed lower than ideal values 

for calcium carbonate.  DH03-5B was significantly lower than the average as a result of 

the presence of major clay interbeds, large zones of gouge material and highly weathered 

limestone (see Figure 4.23).  Likewise DH03-5A and DH03-5C were below 90 percent 

calcium carbonate due to similar occurrences of clay interbeds, gouge material and 

weathering of the limestone (see Figure 4.24). 

The scatter plots included in Appendix I demonstrate the relationship CaCO3 has with 

silicon oxide (SiO2).  As shown in Figure 4.25 CaCO3 content decreases when the SiO2 

content increases (see Appendix I for all other CaCO3 vs. SiO2 scatter plots).  This either 

indicates a silicon replacement is occurring in those areas that have low CaCO3 content or 

they have been weathered to clays.  Examination of the SiO2 and alumina oxide (Al2O3) 

values in an attempt to establish a relationship with the occurrence of chert and clay was 

inconclusive; however observation of the core did support the presence of either highly 

weathered zones with clay development or cherty zones in those areas that have low 

CaCO3 content and higher SiO2 values.  Also included in Appendix I are plots of CaCO3 

content versus Al2O3 content.  Figure 4.26 illustrates the relationship the samples from 

DH03-5A have with respect to CaCO3 content and Al2O3 content.  As the CaCO3 content 
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Figure 4.23 – Typical core box from DH03-5B.  Throughout the drill hole 

clay interbeds, gouge material and weathered limestone were encountered.  

The low average calcium carbonate content of this hole has been attributed 

to these materials. 
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Figure 4.24 – Above:  Core Box 19 from DH03-5A, note the high 

degree of weathering and clay interbeds.  Below:  DH03-5C was 

dominated by interbedded clay and weathered limestone.  Gouge 

material was not as abundant but was observed. 
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increases the Al2O3 content decreases, which could indicate a larger clay content present 

in portions of those drill holes where the CaCO3 content is low.  Similar results were 

observed for DH03-5B and DH03-5C (see Appendix I – Figures I.20 and I.21).  This 

relationship along with the observation of a higher degree of clay development could 

account for the lower levels of CaCO3 encountered within these three drill holes. 

 

 

4.10 Resource Modeling 

 

Henrique da Silva, the BIA-DEMRM mining engineer, used the computer program 

Vulcan


 to estimate aggregate quality for the basalt, calcium carbonate grade for the 

limestone and tonnage estimates for both resources.  Each resource was modeled 

separately so that distinct modeling envelopes could be developed.  Refer to sections 3.10 

and 3.11 for modeling parameters and input. 

Two cross section lines and the lateral boundaries for the basalt modeling envelope are 

depicted areally in Figure 4.27.  Figures 4.28 and 4.29 illustrate the envelopes that were 

used for tonnage calculations.  The basalt/limestone contact was the lower boundary and 

the surface was the upper boundary for the basalt modeling envelope.  Likewise, the 

basalt/limestone contact was the upper boundary and an averaged Mission Creek 

elevation was the lower boundary for the limestone tonnage calculation envelope.  These 

figures also display estimated L.A. abrasion qualities and CaCO3 grades for the blocks 
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Figure 4.27 – A figure from Vulcan


 depicting the lateral extent of 

the basalt modeling envelope.   
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Limestone Block 
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B 

North 

B’ 

South 

Figure 4.29 - Vulcan


 cross section B-B’.  This north-south section further 

illustrates the upper and lower boundary for each modeling envelope. Note 

the blocks that were used for the tonnage estimates and their CaCO3 grade or 

aggregate quality values.  Also note that not all blocks were used. 
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that were included in the tonnage calculations of the basalt and limestone, respectively. 

Since the limestone is overlain locally by basalt and ULB, two figures are included to 

depict the tonnage calculation envelope.  Figure 4.30 shows the entire model of MCQ 

with the eastern most basalt material removed or “turned off” in the model.  Likewise, 

Figure 4.31 displays the same area with the ULB “turned off”, fully exposing the 

limestone.  This figure also depicts the lateral extent of the limestone tonnage calculation 

envelope.   

 

 

4.10.1 Limestone Geochemical Modeling 

 

Table 4.13 lists the CaCO3 resource estimates for MCQ.  Approximately 55.5 million 

tons of limestone has been identified.  The extent of the material identified herein was 

limited by the amount of data that was gathered from the subsurface investigation and the 

modeling parameters.  A larger volume of material could be defined if additional 

subsurface information is collected and/or less conservative modeling parameters are 

implemented.  Of the quantity identified roughly 40 million tons or 71 percent of the total 

volume is equal to or greater than 90 percent CaCO3.   
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Figure 4.30 – Mission Creek Quarry Vulcan


 model with the basalt 

overburden removed. 
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Figure 4.31 – Lateral extent of the limestone modeling envelope. 
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* The samples that were above 100 percent CaCO3 were within the error margin of the 

analytical test used to determine the CaO content. 

 

 

4.10.2 Basalt Aggregate Modeling 

 

Modeling of the basalt resulted in an approximately 12.7 million tons.  The entire 

estimate was below 30 percent loss for L.A. abrasion after 500 revolutions and roughly 

11.8 million tons was below 12 percent loss after 5 cycles of the sodium sulfate 

soundness testing.  This accounts for 93 percent of the volume that was evaluated.  Table 

4.14 and 4.15 depict the results for the L.A. abrasion and sodium sulfate soundness 

aggregate quality, respectively.  

 

Table 4.13 – Limestone tonnage estimates  

per calcium carbonate grade bin 

CaCO3 Grade (wt %) 
Tonnage 

Minimum 

CaCO3 (wt %) 

Maximum 

CaCO3 (wt %) 

Average 

CaCO3 (wt %) From To 

0 70 8,831,964 - 69.8 26.3 

70 80 1,698,969 70.1 79.9 75.7 

80 90 5,363,294 80.1 90.0 86.1 

90 100 39,552,362 90.1 100.0 94.5 

100 above
* 

73,600 100.2 100.2 100.2 

total 55,520,189 - 100.2 82.3 
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* L.A. 500 is the percent loss after 500 revolutions with the L.A. abrasion machine. 

 

 

 

 

 

 

 

 

 

* SS is the percent loss after 5 cycles of the sodium sulfate soundness testing. 

Table 4.14 – Basalt tonnage estimates 

per Los Angeles abrasion bin 

L.A. Abrasion -  

Percent Loss after 500 

revolutions
 Tonnage 

Minimum 

L.A. 500
*
 

Maximum 

L.A. 500
*
 

Average 

L.A. 500
*
 

From To 

0 10 504,765 - 9.49 7.93 

10 20 11,236,616 10.38 20.00 16.56 

20 30 964,618 20.00 29.00 22.08 

30 above - - - - 

Total 12,705,999 - 29.00 16.63 

Table 4.15 – Basalt tonnage estimates 

per sodium sulfate soundness bin 

Sodium Sulfate 

Soundness – Percent 

Loss after 5 cycles
 Tonnage 

Minimum 

SS
* 

Maximum 

SS
* 

Average 

SS
* 

From To 

0 6 6,676,045 - 5.97 4.25 

6 12 5,159,767 6.01 11.87 8.93 

12 18 357,729 12.06 17.27 14.00 

18 50 490,006 18.24 46.35 28.50 

50 above 22,451 51.82 51.82 51.82 

Total 12,705,999 - 51.82 7.45 
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4.11  Geochemical and Aggregate Quality Discussion 

 

The qualities of both the limestone and the basalt materials have proven to be 

sufficient for the production of cement and aggregate, respectively.  The limestone is 

high in CaCO3 and has low or acceptable levels of other oxides such as SiO2, MgO, 

Al2O3, Fe2O3, etc.  The results indicate the material could be used for a broad range of 

products including: chemical-grade (pharmaceutical), agricultural-lime, human food use, 

cement, etc. 

Overall the basalt has met standard specifications for 1) resistance to abrasion as 

estimated with use of the L.A. abrasion test; and 2) resistance to freeze/thaw as 

approximated with use of the sodium sulfate soundness test.  Only 6.8 percent of the total 

tonnage that was modeled did not meet standard specifications for sodium sulfate 

soundness set by transportation officials (see Table 3.9).  These poor results were 

explained by those core samples that had higher levels of clay development and 

weathering observed. 

It should be noted that crushing of the basalt generally resulted in elongate and flinty 

particles.  This is most likely a result of the jaw crusher that was utilized for this portion 

of sample preparation.  Generally a cubic shaped particle is ideal for use in concrete 

production. 




