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Introduction

This study was performed to characterize the geology in the vicinity of Fermi in order to assess the geologic conditions which could be encountered by the VLHC. For purposes of this study three circular VLHC rings were considered. Circumferences were:120km, 228km, and 531km. All the rings were located to be tangent to Fermi.

The extent of the maximum study region for the VLHC is shown on Figure.1. The maximum study region, to accommodate the 531km ring, encompasses a radius of 169km centered on Fermilab. This area includes approximately the northern one third of Illinois and extends into Wisconsin, under Lake Michigan, and includes portions of Michigan, Indiana, and crosses the Mississippi River into Iowa.

For purposes of this initial study it was decided to restrict the study area to alignments which would remain in Illinois and avoid tunneling under Lake Michigan. 

General 

The surface features of the study area are largely the result of glaciation. The glacial deposits almost completely mask a bedrock surface on which glacial and stream erosion produced a relief and roughness at least comparable to that of the present surface. The surficial glacial deposits include tills of various compositions: sand and gravel deposited by streams and rivers flowing from the glaciers and by the discharge from glacial lakes; and sand, silt and clay deposited in lakes dammed by the glaciers. The glacial deposits overlie bedrock consisting of sedimentary limestones, dolomites, sandstones, and shales of Ordovician, Silurian, and the Carboniferous strata of Mississippian and Pennsylvanian age. 

The geologic structural features of the bedrock in the study region, are shown in plan on Figure 2 (Willman, et al.).  The structural features in Illinois are shown on Figure 3 (Kempton, et al.) and in sections on Figure 4 (Nagy, et al.). The main structural feature is the broad, gently sloping Kankakee Arch. This arch connects the Wisconsin and the Cincinatti Arch and separates two broad depressions – the Illinois Basin to the southwest and the Michigan Basin to the northeast. The rock formations therefor gently dip away from the arch and into the basins. The bedrock surface consists of older rocks along the axes of the arches and progressively younger rocks into the basins.

Stratigraphy


Surficial deposits

The surficial deposits in the study area are comprised of heterogeneous, interbedded deposits of glacial drift consisting of silts, clays, sand, and gravel. The sequence of deposits is shown on Figure 5 (Kempton, et al.). Drainage from the melting glaciers generally carried sand and gravel into the existing bedrock valleys, while the glaciers deposited layers of till over the uplands. The thickness of the deposits is shown on Figure 6 (Kempton, et al.). The thickness is generally an expression of the topography of  the bedrock surface, as shown on Figure 7 (Kempton et al.). 

Bedrock

The bedrock in the area consists of a thick sequence of sedimentary strata consisting of limestones, dolomites, shales, and sandstones as shown on the stratigraphic column, Figure 8 (Visockey, 1997). The distribution of the stratigraphic units where they are at the bedrock surface is shown on Figure 9 (Kempton, et al.).

Structure 


Fault Zones

The only fault zones identified in the study area are the Sandwich fault zone and the Plum River fault zone as located on Figure 10 (Kempton, et al.). Both of these fault zones are considered to be inactive. Where exposed near its northwestern end, the Sandwich fault is about 100 feet wide and the rocks are intensely sheared. The bordering rocks are broken by many faults that have small displacements. The fault zone is described as being nearly vertical and, relative to each other, the rocks on the north side were moved down and those on the south side were moved up. The maximum displacement of the beds is approximately 900 feet, but near the ends of the fault the displacement diminishes abruptly. On the eastern end of the Sandwich fault a parallel fault is reported which has a maximum displacement of approximately 100 feet with the downthrown side on the south. If it is directly connected to the Sandwich Fault Zone, only a scissors-like movement on the fault plane can explain the difference in direction of movement. 

The Plum River Fault Zone is described as a narrow band of high-angle faults with 100 to 400 feet of vertical displacement. The north side is downthrown. The fault zone is less than half a mile wide. There is no evidence that the Plum River and Sandwich Fault Zones are connected.

The Des Plaines disturbance, as shown on Figure 10, is an unusual structure, the origin of which is uncertain. The rocks in the disturbance, in an area about 5 ½ miles in diameter, are reported to be intensely faulted. Displacements as much as 600 feet have been reported. The disturbance is surrounded by nearly horizontal Silurian dolomite in which drilling has revealed no faults. 


Seismicity

The study region is in an area of the central mid-continent that is tectonically stable and seismically relatively quiescent. The seismic hazard posed to structures in this region is very low. Active faults are not known in the study area, and the last movement on the Sandwich Fault Zone has been demonstrated to be more than 200,000 years ago. The closest known earthquake source zones capable of producing ground motions of any significance to engineering design or operational requirements are located several hundred miles to the south. Figure 11 (Frankel, et al.) is the latest seismic hazard map prepared by the U.S. Geological Survey. The map presents contours of peak acceleration in percent gravity for the central U.S. The maps are based on a 2% probability of exceedance in 50 years or a 2,500 year recurrence. The maps show the peak acceleration in the project area to be 6% to 10% of gravity. Normally a well designed structure can withstand a peak horizontal ground motion of 20% of gravity without fundamental structural damage. 

Groundwater 

The hydrogeologic units in the study area which would be a factor in the construction of tunnels are: Drift and Upper Bedrock aquifer, Upper Ordovician Aquitard, and the Deep Bedrock Aquifer.

The drift and upper bedrock for tunneling considerations can be grouped into one aquifer system. The peizometric surface in this hydrologic unit generally follows surface topography and in the range of 30 to 50 feet below the surface. 

The Upper Ordovician Aquitard consists of the relatively low primary and secondary permeability of the Maquoketa shale and dolomite and the Galena-Platteville dolomite and limestone. These units act as a base to the upper bedrock aquifer and a confining unit to the underlying aquifer.

 The Deep Bedrock aquifer in the study area consists primarily of the Ancell group comprising the Glenwood formation and the St. Peter sandstone. These formations underlie the glacial drift just south of the Sandwich Fault and are a common source of groundwater in that area. North of the fault they are generally used for municipal or industrial supplies. The potentiometric surface of the deep bedrock aquifers in northeastern Illinois is shown on Figure 12 (Visockey, 1997). This figure shows that the potentiometric surface is as high as elevation +750’ and has been drawn down in some areas to 150’ below sea level.

Tunneling Considerations

It is technically feasible to excavate tunnels in practically any material. The ideal is to site the tunnel in optimum tunneling conditions which consist of a uniform, free-standing material, with minimal groundwater inflow. Since the ideal is very seldom achievable, where there is flexibility in aligning a proposed tunnel, the objective is to select an alignment that optimizes the tunneling conditions and minimizes costs. To the extent possible the tunnel should follow favorable geologic units. The tunnel elevation should be established to locate the tunnel no deeper than necessary. The tunnel depth increases costs of shafts and also the cost of tunneling since all the tunnel spoil has to be hoisted to the surface. 

For the VLHC at Fermilab, the glacial materials are heterogeneous, varying from silts, clays, sand, and gravels. The glacial materials also are often water bearing. These materials can be tunneled but generally require procedures to stabilize the ground during excavation and require a permanent structural lining after excavation . Water handling may also be a significant factor especially in the buried bedrock valleys. For these reasons conceptual planning of the VLHC should avoid tunneling in the glacial materials, if possible. The excavation of shafts through this material is fairly routine as the shaft supports and dewatering systems are installed as the shaft is excavated.

Faults offset the rock strata and may prevent the tunnel from being aligned throughout its length in the most desirable strata. Faults also generally have a shear zone associated with them where the rock has been broken by displacement. The shear zone may require special excavation methods to advance the tunnel, and supports to maintain the tunnel. Faults also can be barriers to groundwater movement. The barrier can cause groundwater levels on one side of the fault to be higher than the other side. This can result in high groundwater inflows when the fault is penetrated. The actual impact of a particular fault can only be predicted by exploration during design. The Des Plaines disturbance was encountered in the Chicago tunnels and did not cause any significant problems. However, since faults introduce a cost uncertainty, conceptual layouts of tunnel alignments should avoid faults, if possible.

The rock systems which would be encountered in the proposed VLHC are the Ordovician, Silurian, Devonian, and Carboniferous (Figure 8.). The major rock types in these systems can be classified for tunneling conditions as follows: dolomites and limestones, sandstones, shales, and carboniferous units.

The dolomites, of which the major units are the Silurian Niagaran and the Ordovician Galena-Platteville are stable units which have been mined or tunneled in the area. The Niagaran has had over 100 miles of tunnel excavated in it in the Chicago area. This unit has predictable rock and tunneling conditions which is reflected in the well understood and documented costs of local tunneling. The Galena-Platteville is mined near Fermi and is also a stable and predictable unit.

The main sandstone unit which could be encountered in possible VLHC alternative alignments is the Ordovician Ancell aquifer comprising the Glenwood formation and the St. Peter sandstone. This unit is cemented to varying degrees and can be friable. This would be a cost concern in tunneling below the groundwater table. No local mining or tunneling experience exists in this unit, however the sandstone is quarried commercially approximately 45 miles southwest of Fermi. The quarry is adjacent to and lower than the Illinois River. The St. Peter has been penetrated by a number of tunnels in the Minneapolis area. As far as could be determined none have been excavated below the groundwater table. The University of Minnesota Library was successfully excavated in the St. Peter sandstone and had a roof 70 ft. wide in the Platteville. 

Shales, the major unit of which is the Ordovician Maquoketa, are considered aquitards because they are generally barriers to water movement. The shales are easily excavated and stable but can be subject to slaking. Slaking occurs when the shales are allowed to dry and are then subject to re-wetting which can be caused by an increase in humidity. Shales subject to slaking require some type of protective coating. This is normal practice but is a cost item. 

Excavation in units the Carboniferous system may encounter coal beds. These formations can contain methane. Excavation and operation in a methane environment requires stricter ventilation requirements and equipment that is approved for use in a methane environment.

Possible Alignments

The locations of possible VLHC alignments for the three alternate rings (120km, 228km, and 531km) are shown on Figure 13. One possible alignment is shown for the 120km and one for the 531km rings. Three possible layouts are shown for the 228km ring. The ring alignments were based on considering major geologic features. The three layouts for the 228km ring were plotted to provide an indication of the relationship of ring orientation to the bedrock valleys as well as the length of the various geologic units which would be  encountered.

Cooperative Report 10 by Visocky, et al., 1985 presents a number of maps which plot contours of various stratigraphic contacts. These maps were utilized to prepare generalized geologic sections for various possible VLHC alignments. The scale of the maps in the report is approximately 1”=35 miles. The relevant maps which were used to prepare the sections are: the top of the Ironton (contour interval 500’); the top of the Galena (contour interval 100’); and the top of the Maquoketa (contour interval 100’). The following assumptions were made on the thickness of units; Galena-Platteville, 300 feet; Silurian, 500 feet, and the Devonian, 200 feet. Top of rock was plotted from the Buried Bedrock Surface of Illinois (contour interval 50’) by Herzog et.al. The scale of this map is 1:500,000. Surface topography was plotted from USGS Quad sheets using electronic files and software by DeLorme. Groundwater elevations were plotted from the map (contour interval 50’) for 1995 in Circular 185 by Visocky, 1997.

.Generalized Geologic Sections are shown on Figures 14, 15, 16, 17, and 18. The sections are “lampshades” which are developed along the perimeter of the ring alignment. Stationing for the sections are in miles measured clockwise with the origin at the north point of the ring. The possible alignments are only to indicate the geologic strata which would be encountered. The alignments are based on considering geologic strata and structure but are not necessarily optimized alignments. In locating the tunnels in elevation the grades are shown horizontal or slightly inclined. Additional flexibility in tunnel configuration in elevation could allow the tunnel to remain in the more favorable geologic formations. 

Figure 14 shows a geologic section for a possible 531km ring alignment. This alignment was located in plan to avoid the Sandwich and Plum River Faults. The lowest elevation of top of rock is approximately 380 feet. At an elevation which would avoid encountering glacial drift (overburden), and sloped as shown, the tunnel would encounter the various geologic units for the lengths and percentages shown below.

	Geologic Summary

531 km Ring Southwest of Fermi

	Formation
	Station
(miles)
	Total Length (miles)
	Percent

	Ancell
	0-20; 305-330
	45
	14

	Galena-Platteville
	20-55; 290-305
	50
	15

	Maquoketa
	55-100; 285-290
	50
	15

	Silurian
	100-130; 220- 285
	95
	29

	Devonian
	130-150; 205-220
	35
	10

	Carboniferous
	150-205
	55
	17


Figure 15 is a section for possible alignment for a 228km ring. This ring is located to the north of Fermi and is tangent to Lake Michigan. Top of rock on this section is as low as approximately elevation 480.This alignment avoids the deeper bedrock valleys to the west. The deepest valley indicated on this section is approximately elevation 600, whereas valleys slightly west extend downward to elevation 450. If the ring is located in the vicinity of elevation 440 it would be excavated mostly in the dolomites of the Silurian and the Galena-Platteville. It would avoid the sandstones beneath the Galena-Platteville. It would encounter the Maquoketa shale for some of its length which would require protection from slaking. The lengths the various formations that would be encountered are tabulated below.

	Geologic Summary

228 km Ring North of Fermi

	Formation
	Station (miles)
	Total Length (miles)
	Percent

	Maquoketa
	0-15; 57-72; 135-142
	37
	26

	Silurian
	15-57
	42
	30

	Galena-Platteville
	72-135
	63
	44


Figure 16 is a section for a possible 228km alignment which is oriented northwest of Fermi. This alignment is the most westerly orientation of the 228km ring which would avoid crossing the Sandwich fault. At an elevation of approximately 430 the ring could avoid encountering the sandstones beneath the Galena-Platteville. As indicated on the section however, the elevation of some of this contact is inferred. The lengths and percentages of the formations that would be encountered for a ring at elevation 430 are tabulated below.

	Geologic Summary

228 km Ring Northwest of Fermi

	Formation
	Station (miles)
	Total Length (miles)
	Percent

	Galena
	0-26; 61-142
	107
	75

	Maquoketa
	26-61
	35
	25


Figure 17 is a section for a ring located north northwest of Fermi and is between the ring to the north (Figure 15) and the ring to the northwest (Figure 16). A tunnel located at approximately elevation 460 would encounter the formations tabulated below.

	Geologic Summary

228 km Ring North Northwest of Fermi

	Formation
	Station (miles)
	Total Length (miles)
	Percent

	Maquoketa
	5-24; 37-71
	53
	37

	Silurian
	24-37
	13
	9

	Galena-Platteville
	0-5; 71-142
	76
	54


Figure 18 is a section of a 120km ring located west of Fermi. This ring is in the general vicinity of the proposed SSC which was 53 miles in length. A ring located at approximately elevation 520 would encounter the geologic units tabulated below. This ring could remain entirely in the Galena-Platteville if there is flexibility in sloping the ring.

	Geologic Summary

120 km Ring West of Fermi

	Formation
	Station (miles)
	Total Length (miles)
	Percent

	Galena-Platteville
	0-4; 41-75
	38
	51

	Maquoketa
	4-41
	37
	49


 Estimated Cost

In 1998 Kenny Construction Company was contracted by Fermi to prepare a cost estimate for a 34 km tunnel to house a 3 TeV low-field VLHC booster. Kenny has extensive experience in excavating tunnels in similar rock strata in the Chicago area. The basis of their estimate is summarized in Fermilab TM-2048 (Lach, et al.). The basic project dimensions required by Fermi and those utilized by Kenny for their estimate are tabulated below.

	3 TeV Project Dimensions

	Item
	Fermi Requirement
	Kenny

	Tunnel Length (miles)
	21.1
	21.1

	Tunnel Diameter (ft.)
	10 minimum.
	12

	Construction shafts (ea)
	4
	4

	Construction Shafts diameter (ft.)
	20
	20

	Utility Shafts (ea)
	0
	20

	Utility Shafts diameter (ft.)
	0
	6

	Concrete invert (miles)
	21.1
	21.1

	Water inflow (gpm/mile)
	50
	50

	Elevation (ft. msl)
	320
	320


The total estimated cost for this alternative is $167, 251,928. This total includes direct costs of $112,388,118 and indirect costs of $24,863,810 or approximately 22% of direct costs. The estimate also includes profit of $30,000,000 or approximately 27% of direct costs. The cost summary is shown on the following table.

	Kenny Cost Summary

	
	Direct Cost
	Indirect Cost
	Profit
	Total
	Cost/mile

	Shafts
	8,530,106
	1,887,130
	2,276,959
	12,694,195
	

	Tunnel
	
	
	
	
	

	Excavation
	63,425,800
	14,031,795
	16,930,384
	94,387,979
	4,473,364

	Invert Lining
	9,095,170
	2,012,140
	2,427,793
	13,535,103
	641,474

	Grouting
	15,700,218
	3,473,385
	4,190,893
	23,364,496
	1,107,322

	Slopes
	15,636,824
	3,449,362
	4,173,971
	23,270,155
	

	TOTAL
	112,388,118
	24,863,810
	30,000,000
	167,251,928
	


The above estimated costs are for a tunnel excavated in the Galena-Platteville. The tunneling conditions in the Silurian can be considered similar to that in the Galena-Platteville. A concrete lining would be required in the friable sandstones of the Ancell group and Carboniferous system. Some shales may also require coating to prevent slaking and possibly the support of a concrete lining. Kenny estimated that the net cost of a 1 ft. thick concrete lining would be $300/ linear ft. or $1,584,000/mile.

Even with the inclusion of a concrete lining in the water bearing sandstones, grouting costs could be significantly higher, since water inflows may have to be reduced in order to install the lining.

In order to refine the cost estimates, additional studies on the properties of the geologic units, which do not have a local tunneling history, should be performed. Of particular concern would be the sandstones and the carboniferous strata. Also, since the locations of some of the units are based on coarse contour intervals and assumptions of average thickness, the locations of some of the units should be defined more precisely.  

The following table presents an estimated cost for a 228km ring by prorating the Kenny estimate. It was assumed that Excavation costs would be the same in all the geologic formations. It was assumed that concrete lining would be required in the Maquoketa and grouting would be required in the other formations. 

	ESTIMATED COST

	228km Ring North Northwest of Fermi

	Item
	Formation
	Units
	Quantity
	Cost/Unit
	Total

	Excavation
	All
	mile
	142
	      4,473,364 
	  635,217,679 

	Invert Lining
	All
	mile
	142
	641,474
	    91,089,308

	Concrete Lining
	Maquoketa
	mile
	53
	      1,584,000 
	    83,952,000 

	Grouting
	Silurian-Galena
	mile
	89
	      1,107,322 
	  98,551,666 

	Shafts
	
	each
	24
	      3,173,549 
	    76,165,176 

	Slopes
	
	all
	
	
	    23,270,155 

	TOTAL
	
	
	
	
	1,008,245,983
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