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Abstract
A gravity survey was conducted in the. haulage tunnel of 

the Henderson Mine, followed by the reduction and interpre
tation of the data and analysis of errors. The gravity 
survey consisted of 64 stations in the tunnel and five 
stations on the surface, all of which were tied to a 
North American gravity grid bench mark. A correction for 
the earth tides and the complete Bouguer correction requiring 
a special terrain correction for the subsurface data were 
applied. Finally, the bulk density was calculated using 
Hammer's (1950) formula. The computed bulk densities show a 
slightly higher than average density implying that the country 
rock is a mixture of granite and metasediment.

The uncertainties in the complete Bouguer-corrected 
data are as large (±1.30 mgals) as most of the anomalies.
The large relief (=2,500 feet to 3,300 feet or -0.75 km to 
1.0 km) caused usually trivial errors in the terrain 
correction to account for most of the uncertainty in the 
data. Thus, a criterion utilizing the surface gravity 
survey and the deviation from the regional gradient was 
developed.

Four anomalies based on the criteria appear to be caused 
by granite or metasediment pods in the mixed granite-meta- 
sediment country rock, rather than uncertainties in the data. 
Models of the source of the anomalies range in size from
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between 500 ft. (152 m.) and 3,000 ft. (914 m .) from the 
tunnel.

The bulk density of the near surface (<4,000 ft.
(1215 m.)) rock was calculated in three locations from the 
gravity gradient. The following results were obtained :

Surface Station*
Density
g/cm3

HT-2 
Vent Raise 
Jones Pass

2.79
2.65
2.68

*For location see Plate 1,
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Introduction
During the last part of August and the first part of 

September, 1975 f a gravity survey was conducted for 
Climax Molybdenum Corporation in the Henderson Haulage 
Tunnel. The survey was done in an attempt to define an 
anomaly near the tunnel found on Brinkworth's (1970) complete 
Bouguer gravity map of the area, and to determine the bulk 
density of the rock between the tunnel and the surface 
(a distance of approximately 2,000 ft. or about 0.6 km).

The haulage tunnel connects the Henderson orebody, 
located directly beneath Red Mountain C39°46,0IIN, 105° 521 
50"W) near Berthoud Pass, Colorado, with the mill site 
near Darling Creek (.39° 471 3Q"N, 105° 001 00"). Trending 
N77.5°W for ten miles, the tunnel passes under the Continental 
Divide at Jones Pass, continuing to its west portal near 
Darling Creek (Plate 1). It has a three percent grade 
toward the orebody over its entire length. - The cover varies 
from less than 100 feet (30 metres) near the west portal to
2.500 feet (765 m.) under the first ridge (HT-2), to only
1.500 feet (460 m.) near the vent raise, to around 4,600 
feet (1400 m.) under Jones Pass on the Continental Divide.

There are four phases of the survey which will be 
discussed: field work, correction of the data, the density
determinations and interpretation of the data.

The survey consists of sixty-four stations in the

1
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haulage tunnel and five stations on the surface either 
directly above the tunnel or near the west portal. A North 
American gravity bench mark in Golden, Colorado was used 
to obtain the absolute gravity values for the stations.
The complete Bouguer correction was applied to the data with 
a special terrain correction for the mass above the sub
surface stations. Next the density for the rock between 
the tunnel and the surface was calculated using Hammer's (1950) 
equations. Modifications of the equations were necessary to 
handle the large terrain corrections. Interpretation of the 
data defined four anomalies and established a get of criteria for 
distinguishing the anomalies from noise in the data.

The field work, reduction of data, and interpretation 
required a total of around 385 man-hours to complete. The 
field work took five days to complete. About 22 0 man-hours 
were required in reducing the data. Development of the 
equations and calculation of the density required about 
24 man-hours; while the analysis of anomalies and interpre
tation took nearly 100 man-hours to complete.
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Authors Note
The metric system of measurement as described in the 

Système Internationale d*Units (S.I.) has been accepted by 
the United States Government.. In the next ten years S.I. 
will become the standard measuring system worldwide. Thus 
the S.I. units will be given in parentheses after the 
commonly used unit, throughout this thesis.

The S.I. gives the units and spelling as follows :

metre m length
(metre)2 m^ area

3(metre) m3 volume
joule J energy
newton N force
kilogram Kg mass

The units used in the thesis will mainly be metre and gram.
Though the milligal is not a recognized unit in the 

S.I. system, due to its wide acceptance in the industry and
the academic world it will be used in this thesis instead

2 2of micrometre/sec . The micrometre/sec is approximately
equal to the gravity unit or 0.1 mgal.
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Supportive Work
Geology of the tunnel hnd surface near the tunnel as 

mapped by the Climax Molybdenum Corporation geologists 
shows an area of Precambriàn metasediments underlain by 
granites. The Idaho Springs metasediments are a Precambrian- 
age biotite-schist which is almost a gneiss in some areas.
Below and within the metasediments are granites of the 
Silver Plume Granite suite. The granites appear to have 
been mobile during metamorphism intruding into the meta
sediments along bedding or foliage planes. Also during 
metamorphism tight folds developed in the metasediments and 
granites. Later in Tertiary time the area near Jones Pass 
and Red Mountain was intruded by porphyries causing hydro- 
thermal alteration of the surrounding rocks. The area has 
also been intruded by a diabase, though at what relative 
time is unknown.

George Brinkworth (1970) conducted a gravity survey 
covering an area approximately 1° latitude by 1° longitude 
nearly centered about the haulage tunnel. He performed 
the complete Bouguer corrections on the data carrying the 
terrain corrections out to a radius of 60 miles (100 km).
His data indicated a low defined by one station. He reoccupied 
and rechecked the station to verify the value (personal commun
ication) . I checked the contours by retrieving the data for 
stations within two miles of the tunnel and recontouring the 
data. My contours and Brinkworth's contours agreed very closely.
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Field Work
There were sixty-four subsurface stations and five 

surface stations in the gravity survey. In the tunnel, the 
stations were at about 1,000 ft. (305 m.) intervals with 
about 500 ft. (15 2 m.) intervals near the center of the 
tunnel (see Plate 2). Three of the surface stations (HT-2,
Vent Raise, and Jones Pass) were located on surface tunnel- 
line bench marks, while the subsurface stations were located! 
on tunnel or laser monuments (like U.S.G.S. bench marks) 
or laser mounts or targets (similar to U.S.G.S. survey 
points) for which Climax Molybdenum Corporation provided 
the latitude, longitude, and elevation data. Gyro 1 was 
the base station for the latitude, longitude, elevation, and 
gravity surveys at the Henderson Mine.

The survey was conducted with a LaCoste-Romberg 
gravimeter model G-395 provided by AMAX Exploration, Inc.
The gravimeter can be read to 0.01 mgal while the thousandths 
place must be estimated. LaCoste-Romberg gives the accuracy 
of the instrument as ±0.005 mgal.

Gyro 1, the east portal surface base station, was tied 
to the North American gravity bench mark, which is located 
on the curb in front of the Illinois Street entrance to 
Berthoud Hall, Colorado School of Mines, Golden, Colorado. A 
reading was taken at the bench mark in Golden, then at Gyro 1 
'at Henderson, and then again at Golden tying Gyro 1 to the North
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American Gravity Network. Corrections were applied to the 
above loop using a linear interpolation of the tidal drift, since 
the LaCoste-Romberg recording gravimeter in the Department 
of Geophysics of the Colorado School of Mines showed a 
linear drift during the time the loop was being made.

The three surface stations and the west portal base 
were tied to Gyro 1. The loop went from Gyro 1 to the west 
portal base, then HT-2, Vent Raise, Gyro 1, Jones Pass, and 
Gyro 1. Linear drift corrections as above were applied. Five 
hours and a helicopter supplied by Climax Molybdenum Corporation 
were required to complete the tie.

The subsurface stations were tied either to the west 
portal base or Gyro 1, depending on the portal used for 
access to the tunnel. The surface base station was occupied 
at the start and end of each day. Within the tunnel, base 
stations were reoccupied every two to three hours.

To minimize the effect of the existence of the tunnel, 
the subsurface stations were located on the south side of 
the tunnel. Stations were sited on a 6 in. (0.15 m.) cement 
curb in most cases; however, where the curb was absent they 
were located on the gravel muck floor (Figure 1). Terrain 
correction charts by Hayford-Bowie (1936) were used to 
calculate the terrain correction. Tables accompanying the 
charts were designed for elevation changes of 30 ft. (9 m.) 
or less in zone A to 3,000 ft. (914 m.) or less in zone J.
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a) Subsurface Station on Muck

b) Subsurface Station on Curb
Figure 1: a) Location of gravimeter in areas where

there was only a gravel floor.
b) Location of gravimeter in areas where 

there was a cement curb.
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The changes in elevation from subsurface stations to the 
surface were much larger in this case, varying from 1,000 ft. 
(305 m.) to 4,500 ft. (1,372 m.). Thus the terrain 
correction was calculated from Hammer's (1939) original 
equation :

T=2ttGc (R^-R? - + / r | + h2* ) (1)
n

where R^ is the inner radius of the zone R^ is the outer
radius, h is the difference between the mean elevation of
the zone and the elevation of the station, cis the density,
n is the number of compartments in the zone, and G is the
gravitational constant. The corrections were calculated
out to zone K. While calculating the terrain correction it
was observed that small programmable calculators have made
the use of the terrain correction tables obsolete. The
tables were originally calculated for only one terrain chart
and only one degree of accuracy in the terrain correction.
However, using a programmable calculator and the equation,
one can have an accuracy consistent with accuracy of the 
survey, use any terrain chart, and obtain the answers
as quickly as looking the values up in a table.

One correction unique to a survey in a tunnel is a 
correction for the rock removed in digging the tunnel. All 
the subsurface stations were next to the south wall; causing
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the correction for the tunnel to be a constant, except near 
the west portal. For stations 2,000 ft. (610 m.) or farther 
from the surface portal (west portal), the attraction of the 
mass now missing due to the tunnel, as modeled by an infinite 
cylinder, was 0.68 mgal. Near the west portal, the correction 
is smaller since there is no correction of the surface. 
Therefore, a constant correction of 0.68 was applied to the data 
except for the three stations near the west portal. Corrections 
of 0.63 mgal, 0.54 mgal, and 0.34 mgals were applied to these 
stations starting with the east most.
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Errors in Complete Boxiguer Correction Data
Four sources of error cause uncertainties in the ;r 

complete Bouguer-corrected data. First, the method for 
correcting for the drift of the meter and earth tides is not 
a perfect model, thus introducing error. Second, the un
certainty in the location of the station causes errors in 
the calculation of the free-air and latitude corrections.
Third, uncertainty in the location of contours on the topo
graphic maps causes errors in the terrain correction. Lastly, 
assumptions about the direction and amount of slope in the 
terrain correction algorithm are erroneous in this area; thus, 
creating errors in the corrected data.

First, error in the data results from the assumption 
that the drift of the instrument and earth tides are linear 
The tidal correction was calculated on each hour interpolating 
linearly for the readings taken between the hours. The 
largest error, (less than ±0.01 mgal) was produced near the 
maxima or minima on the tidal curve. Thus the largest error 
due to the assumed tidal drift is ±0.01 mgal. LaCoste- 
Romberg contends that the instrument drift is only slightly 
non-linear, less than ±0.005 mgal when observed over three days. 
Thus the error due to non-linearity of the drift is insignificant. 
The error caused by the assumption of linearity of the tide 
and instrument drift is ±0.01 mgal.
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Uncertainties in the latitude and elevation of a station 
cause errors in the latitude, free-air, and Bouguer-slab 
corrections. Climax Molybdenum Corporation provided locations 
to an accuracy of ±1 ft. (0.30 m.) in plan which corresponds 
to an error in the latitude correction of ±0.001 mgal. The 
elevation of each station was provided by Climax Molybdenum 
Corporation to an accuracy of ±0.01 ft. (0.03 m.), which 
corresponds to an uncertainty in the Bouguer-slab and 
free-air corrections of ±0.0006 mgal. Because the 
calculations and instrument readings are to the nearest
0.01 mgal, the errors due to uncertainties in station 
locations are insignificant.

Uncertainty in the location of contours on topographic 
maps causes errors in the terrain correction. Contour mapsr 
covering a 1000 ft. (305 m.) wide strip directly above the 
tunnel, with a five ft. (1.5 m.) contour interval were 
provided by Climax Molybdenum Corporation. These maps were 
used for terrain corrections in zones B (inner radius 6 ft.
(2 m.)) through zone C (outer radius 755 ft. (230 m.)). The 
uncertainty in the contours ( ±2.5 ft. (0.8 m.)) corresponds 
to the following maximum errors :

Zone Error (mgal)
B ± 0.000
c ±0.008
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(errors being the correction caused by a 2.5 ft. (0.8 m. ) 
elevation change on the surface as seen 2,000 ft. (610 m.) 
above the tunnel) . For zones D through J, the Ih. minute 
United States Geological Survey (U.S.G.S.) topographic maps 
with a 40 ft. (12.2 m.) contour interval were used. The 
U.S.G.S. gives the error as ±20 ft. (6.1 m.) which gives 
rise to the following maximum errors :

Zone Error (mgal)
D ±0.010
E ±0.009
F ±0.004
G ±0.002
H ±0.001
I ±0.0019
J ±0.0019

Thus the total error caused by the inaccuracies in the 
topographic maps is ±0.04 mgal.

The last error is due to assumptions in the terrain 
correction algorithm. Hammer (1939) assumed a fairly 
flat terrain within a compartment in the chart in deriving 
the attraction of the mass between an irregular surface 
(the ground) and a flat plane (the datum). However, in the 
area surrounding the survey the slopes are up to 20°, trending 
in several directions. In an attempt to quantify the errors
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due to the steep (>10°) slopes, an experiment was performed. 
The terrain correction for the mean elevation a compartment 
was compared to the sum of the terrain corrections of 16 
divisions of that compartment. In the worst case, (a slope 
of 15° in each zone) the errors are:

Zone Error
B ±0.51
C ±0.14
D ±0.15
E ±0.08
F ±0.07
G ±0.06
H ±0.08
I ±0.09
J ±0.06

The error was calculated for a slope about 2,000 ft. (610 m.) 
above a station. The total error due to the steepest slopes 
in the area is ±1.24 mgal (worst possible case).

In summary, the total error is:

Drift Error ±0.01 mgal
Free-Air and Bouguer ±0.01
Correction Error
Terrain Correction

1. Contour Errors ±0.04



15

ER-1844

2. Algorithm Errors ±1.24 
Total Error ±1.28

The total being the sum of errors in the data, ignoring the
drift, free-air and Bouguer corrections which are insignifi
cant. This error is for the worst possible terrain and so
most of the data will have a much smaller error.
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Interpretation of Anomalies 
The data from the tunnel define a linear regional 

gradient of about -0.000353 mgal/foot as found by a feast- 
squares fit of the complete Bouguer-corrected data. The devi
ations of interest will be defined by more than one station. 
Variations from the trend are all less than 2 mgals. Since 
the uncertainties in the data are ±1.28 mgals, there is a 
question as to whether the anomalies are caused by the 
geology, or errors in the data.

The plot of the deviation from the least-squares fit 
verses the times that the deviation occurs (Figure 2) shows 
most of the data fits under a normal distribution curve 
except between 1.5 and 2.3 mgals except for a one station 
anomaly at 4 mgal which shall be ignored. Thus any anomalies 
not due to errors would be between 1.5 and 2.3 mgal. To further 
insure that the anomalies are caused by the surrounding rock 
rather than errors in the survey, only anomalies which corres
pond to anomalies in Brinkworth's (1970) gravity survey will be 
used. Thus the criteria for an anomaly will be that it must be 
a deviation of 1.5 to 2.3 mgal from the regional gradient and 
correspond to an anomaly in the survey gravity survey.

The linearity of the data suggests a possible error in the 
assumed density of the Bouguer correction. The density used

owas 2.67 g/cm . The density measured in the samples from the 
tunnel was around 2.65 g/cm'*. Since the calculated density)
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Figure 2: Plot of deviation from the regional
trend versus times the deviation occurs ; 
averaged using a 0.3 mgal window.
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which did not use the Bouguer-corrected data, was about 2.67 
2.67 g/cm^f the trend is probably not caused by the linear trend 
of the change in elevation at the stations.

The first deviation is a high which occurs near LM-3 
(Plate 1). In the surface survey, Brinkworth (1970) showed 
a bulge in the -285 mgal contour to the east of the west
portal. The country rock around LM-3 is mostly biotite
schist and metasediments. This is more dense than the granite 
which makes up a majority of the country rock (see Appendix 
B). The width (about 1.5 miles (2.5 km) across) and breadth 
of the anomaly imply that the source is fairly small and 
deep. Because the anomaly is positive both on the surface 
and in the tunnel, the source must be more dense than the 
country rock and deeper than the tunnel. The source may be
modeled by a spherical body (300 ft. (91 m.) in diameter)) of
biotite in the granite-metasediment country rock giving a 
density contrast of 0.12 g/cm^. Its center would be 
approximately 2,000 ft. (610 m.) to the north and about 500 
ft. (152 m.) deeper than the tunnel. The actual shape and 
density of the anomaly are not unique although the amount of 
excess mass is unique.

The next anomaly is a high, occuring between LM-35 and 
TM-14 which, corresponds to a gravity ridge on the surface 
survey by Brinkworth (1970) (see Plate 1). This anomaly must 
be due to a higher density material at a depth below the
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tunnel, since both surveys show a high. The size of the 
anomaly in the tunnel and its expression in the surface survey 
indicate that the bulk of thé source is north and slightly 
west of the variation in the tunnel. The shape of the 
anomaly suggests that the source can be modeled by two 
nearly spherical bodies with their centers along a northwest- 
southeast trend. The anomaly can also be modeled in several 
ways including a cylinder or a prism. However, since the 
attraction of two spheres is easy to calculate and the models 
are very similar in overall shape, the model of two spheres
was used. A density difference of 0.13 g/cm between the
granite-metasediment country rock and the metasediments 
suggests the anomaly be modeled by two spheres of meta
sediments 100 ft. (30 m.) in diameter, about 500 ft. (152 m.) 
deeper than the tunnel. The center of one sphere would be 
500 ft. (152 m.) to the northwest, while the other would be
800 ft. (244 m.) to the northwest. This anomaly, then,
corresponds to a higher density body, probably metasediments, 
extending from between LM-35 and TM-14 to the northwest and 
existing at a greater depth than the tunnel.

The last deviation is a very small high near TM-16 in 
the subsurface data, while the surface survey indicates a 
low. The surface survey low is defined by only one station, 
thus, its exact geometry is unknown. Since one survey shows
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a high and the other a low, the source must be between the 
tunnel and the surface. The center of the source is 
probably 3,000 ft. (914 m.) north of the tunnel and about 
50 ft. (15 m.) shallower than the tunnel from its expression 
in the surface survey. A granite sphere, model, 200 ft.

3(61 m.) in diameter with a density of 0.013 g/cm lower than 
the country rock (metasediment-granite mix), would account 
for both the surface and subsurface anomalies.

The remaining deviation occurs just east of Jones Pass. 
Several surface stations in the area do not reflect the 
anomaly seen in the tunnel, thus it fails the criteria for 
an anomaly with a possible geologic source. If it was not 
an error in the data one explanation could be a stratified 
anomaly with lower density material above the elevation 
tunnel and higher density material below the tunnel. Using 
this model both density contrasts (above and below the 
tunnel) create highs in the subsurface data, thus adding 
while canceling each other in the surface data. There is 
not enough information to define two separate anomalies 
since neither the size of either anomaly nor the areal 
extent is known. Thus the deviation could be caused by an 
error in reading the instrument, an error in the complete 
Bouguer correction or a pair of sources in the rock.
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Density Determinât!on s 
Hammer (1950) found that the bulk density of a rock can 

be determined from the gravity gradient. The derivation of 
the equation for density was hot published by Hammer (1950).
A brief derivation starts with the complete Bouguer-gravity 
equation :

g=go-L+ (0. 09406) H-2ttGctH+T (2)

where gQ is the observed gravity in mgals, L is the latitude 
correction in mgals, H is the elevation above sea level of 
the station in feet, T is the terrain correction for the lack 
of mass below and excess mass above the Bouguer datum in 
mgals. In the subsurface case, the equation becomes :

g=go“L+(0. 09406 ) h-2iTGah+t (3)

where h is the subsurface elevation above sea level in feet, 
t is the subsurface terrain correction, and L and go are 
as above. Subtracting equation 3 from equation 2, one 
obtains the following:

Ag=Ago+L-L-f (0.09406) (H-h) -2TrGa (H-h)+ (T~t) (4)

where Ais the symbol for the difference of two like variables. 
Because the latitude correction is independent of elevation,.

5 the L's cancel leaving:
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Ag=Ag0+ (0.09406-2-iïGa)AH+AT (5)
Since Ag equals zero when the density is correct, and sol
ving for a, equation (5) becomes :

q=0.09406 + (Ag^+AT) 
2ïïG 2ttGAH

In most cases T is so small that the inclusion of a density 
in the terrain correction is negligible. At Henderson, 
however, the terrrain has nearly 3,300 ft. (about 1 kilometre) 
of relief. The terrain correction (T) then, must be expressed 
as t •a, where t is the sum of all zones using equation 1 with 
o factored out. Using this definition of T and t, equation 
5 becomes :

q=0.09406 + (Ag^+gAr)
2ttG 2ttGAH

q- qAx = 0.09406 + (Ag )
2ttGAH 2ttG 2wGAH

= (0.09406) + (Aĝ ) /I- At
2 G 2ttGAH 2ttGAH

= (AH(0.09406) + (Ag0) )/2ttGAH-At
q=AH(0.09406) + (Agn) (6)

(2ttGAH-At )

whereAT=2ïïG (- vAi+k2 + + v/r|+(k+AH) 2 - v/r^+(k+AH) 2 )n
where k is the elevation change between the station and the compart
ment being calculated. Using equation 6, one obtains the following :
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Surface Subsurface 
Station Station

AH Density
feet g/cm3

HT-2 
Vent Raise 
Jones Pass

LM-21
TM-14
LM-67

86.34 2525
21.73 1560

162.84 4658
2.79
2.65
2.68

These densities agree closely with the densities measured in 
the rocks (see Appendix B).

The vent raise, (a shaft 20 ft. (6.1 m.) in diameter) 
extends from the tunnel to the surface slightly affecting 
the density calculation at the vent raise station. Since 
the surface station will be too low due to the vent raise 
and the subsurface station will be too high; the error in 
the gradient will be twice the attraction of a vertical 
cylinder. Thus, if the vent raise were not there the 
gradient would be smaller by 0.96 mgal (-0.48 mgals at the 
surface station and -0.48 mgals at the substation) giving a 
correction of -0.96 mgals to the measured gravity value. If 
this is added to Ag of equation 6, the calculated density 
at the vent raise B.M. station is 2.66 g/cm .

The density calculation is for an infinite slab, although 
at long distances, from the stations the effect of the rock is 
very small. The ratio of the attraction of a cylinder to 
the attraction of an infinite slab gives the percentage of 
the density calculation affected by the rock within the
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cylinder. The equation for this percentage is:

( (l-X) + V i+x25xioo

Where X is the ratio of the radius of the cylinder to the 
height of the cylinder, which is also the height of the 
slab. At Jones Pass 90% of the rock affecting the density 
calculation is within a radius of 23,057 ft. (7,028 m.); 
for HT-2, 90% of the rock is within a radius of 20,100 ft. 
(6,126 m.); and at the vent raise, 90% of the rock is 
within 15,500 ft. (4,724 m. ).
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Errors in Density Calculation
Density calculation errors arise primarily from the 

errors in correcting the data. It was shown previously that 
the error in the corrected data was ±1.30 mgal, which 
causes an error in the density calculation at the vent raise 
of ±0.03 g/cm^. The same error at HT-2 causes an error 
of ±0.02 g / c m  ̂while at Jones Pass it causes an error of 
±0.01 g/cm3. The errors in the calculated density vary 
because the constant measurement errors are normalized over 
different distances to get the gradient.

In density calculations some error is introduced by 
the density assumed in the terrain correction when using 
Hammer's (1950) equation. The equation derived in this 
paper does not use the density in the terrain correction.
In most cases, the terrain corrections are very small (±10%) 
when compared to the change in gravity and the equations 
given by Hammer (1950) work well. In areas where the terrain 
correction is significant such as at Henderson the equation 
derived in this paper must be used to avoid introducing large 
(±0.1 g/cm^ and larger) errors. Since no densities are 
assumed in the equation used, then no errors are introduced 
by assuming the wrong density.
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Conclusions
A subsurface gravity survey requires the same Bouguer 

and free-air correction as a surface survey with an 
additional correction for the.attraction of the mass above 
the station. This correction can be done in a one-step 
operation.

In areas of large relief (i.e., greater than 1,000 ft. 
(300 m.)) several otherwise negligible errors in the terrain 
corrections become significant :

1. Errors in the contours of the topographic 
maps near Henderson introduce an error of 
±0.03 mgal.

2. Using the mean elevation of the zone for 
all directions of slope introduces an error
of about ±1.2 mgals, for slopes varying

^ . ,_0 up to 15 .
3. The total error in the corrected data from terr

ain corrections and other sources is ±1.30 mgal 
since all errors are independent of each other.

Using the surface survey to distinguish anomalies from 
errors, three small anomalies were observed in the survey:

1. The anomaly near LM-3 could be caused by a 
spherical pod of biotite schist 3 00 ft.
(91 m.) in diameter, 2,000 ft. (610 m.) 
below the tunnel, and about 500 ft. (152 m.)
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north, of the tunnel.
2. The next anomaly, a ridge in the surface 

survey, could be modeled by two spheroidal 
pods of metasediment each about 100 ft.
(30 m.) in diameter, and about 500 ft.
(152 m.) below the tunnel.

3. An anomaly in the surface survey near the 
vent raise is a very small deviation in 
the subsurface survey. One .model is a 
spherical pod of granite about 3,000 ft.
(914 m.) north of the tunnel, 50 ft.
(15 m.) deeper than the tunnel, and about 
200 ft. (61 m.) in diameter.

4. An anomaly in the subsurface data, just 
east of Jones Pass, does not have a 
surface expression. It can be modeled 
by two anomalies one a lower density 
material above the tunnel, the other a 
higher density material below the tunnel, 
or it could be an error in the data. Not 
enough information is known about the 
anomaly to estimate the source.

Densities of the rock between the tunnel and the surface
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were determined where subsurface and surface readings were 
taken :

1. Due to high relief a formula to compute 
the density without assuming density 
in the terrain correction was derived :

q= (AH (0 » 09406) ) 4. ( Agn)
(4TTGAH~At) (4-iïGAH-At)

2. The calculated density was :
Station Location Density
HT-2 12,057 2.79

Vent Raise 23,940 2.65
Jones Pass (HT-4) 38,476 2.68

3. The total error in the density, ±0.05 g/cm 
was due to errors in the Bouguer corrected

3

data.



29

ER-1844

REFERENCES
Algermissen, S. T., 1961, Underground and surface gravity 
survey, Leadwood, Missouri: Geophysics, vol. 26, no. 2,
p. 158-168.
Brinkworth, George, 1970, Principal facts for gravity 
stations in an area west of Denver, Colorado: U.S.G.S. 
open-file report, NTIS publ. #PB191587.
Dobrin, Milton, B., 1960, Introduction to Geophysical 
Prospecting, McGraw-Hill Book Co., New York.
Guenther, William C., 1965, Concepts of statistical inference : 
McGraw-Hill, Inc., New York.
Hammer, Sigmund, 1939, Terrain corrections for gravimeter 
stations : Geophysics, vol. 4, no. 3, p. 184-194.
________  , 1950, Density determinations by underground
gravity measurements: Geophysics, vol. 15, p. 637-652.
____________ ___, 1970, The anomalous vertical gradient of
gravity: Geophysics, vol. 35, p. 153-157.
Hayford and Bowie, 1936, The effect of gravity and isostatic 
compensation upon the intensity of gravity : U.S. Coast and
Geodetic Special Publication #10.
Hearst, J. R., 1968, Terrain corrections for borehole 
gravimetry: Geophysics, vol. 33, p. 361-3 62.
Jones, Bill R., 1972, The use of downhole gravity data in
formation evaluation: The Log Analyist, vol. 13, no. 6,
p. 15-21.
Nettleton, L. L., 1942, Gravity and magnetic calculations: 
Geophysics, vol. 7, no. 3, p. 392-310.
Service Hydrographique de la Marine and Compangie General de 
Geophysique, 1974, Tidal gravity corrections for 1975:
European Association of Exploration Geophysicists, The Hague, 
Netherlands.
Snedecor, George W., and Cochran, William G., 1967, Statistical 
Methods, The Iowa State University Press, Ames, Iowa.

3



ER-1844

30

APPENDIX A.

Principal Facts 
of a Subsurface Gravity Survey 
in the Henderson Haulage Tunnel
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In the table absolute gravity is the absolute gravity 
obtained from the tie with the North American base station. 
Bouguer gravity is the absolute gravity with the free-air, 
Bouguer, and drift corrections applied. The complete 
Bouguer gravity is the Bouguer gravity with the terrain 
correction applied.
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APPENDIX B.

Density of Selected Samples 
from the Henderson Haulage Tunnel
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Appendix B;
The following table gives the densities measured on 

samples from the Henderson Haulage Tunnel rock, library.
Samples were chosen at random from boxes covering specific 
intervals in the tunnel. The samples were weighed dry, 
then submerged in water and weighed. The density was then 
calculated from the formula :

d =  W j \

WA - %

The uncertainty in the density measurement is ±0.01 g/cm^ 
arising from the sensitivity of the scales used, the porosity 
and permeability of the rock, and changes in the rock 
between insitu conditions and lab conditions. The scales 
were accurate to ±0.001 g, as specified by the manufacturer, 
and calibrated by AMAX. The accuracy of the measurement is 
±0.001 g/cm^ for samples that are at least 1 cm^ in volume. 
Since all the samples had volumes greater than 1 cm^, the 
error is insignificant. The error due to trapped air in the 
samples is small since most of the samples, are fairly 
impervious. To reduce the error from water or air clinging 
to the rock, the sample was first weighed in air then weighed 
in water. Using this procedure AMAX technicians found that 
the measurements, on various granites and metasediments were
repeatable to ±0,01 g/cm^. Thus the error in the data is
% .. 3±0.01 g/cm .
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