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Abstract

A geophysical experiment was conducted in a 2-km-deep hole

in the Greenland ice cap at depths between 21? m and 1673 m to

test for possible violations of Newton’s inverse-square law. A

detailed ice-sounding radar survey was carried out to 5 km from

the hole and merged with regional airborne radar data tc define

the basement interface. Highly accurate gravity measurements

were carried out to 15 k.mfrom the hole to detect lateral density

changes in the bedrock. The measurements were controlled with

very accurate satellite and conventional positioning techniques.

The basement interface model was input into a Newtonian

computation to correct the obsened gravity for known earth

structure resulting in an anomalous gravity gradient of +3.87

mGa 1. A 3 dimensional ideal body analysis of the surface and

borehole gravity data provided a means of bounding all possibie

Newtonian solutions for lateral density variation below the ice.

Solutions with regional gravity offsets z 10 mGal and density

contrasts s 0.30 g,lcm’ are possible. We cannot unambiguously

attribute the anomalous gradient to a breakdown of Newtonian

qravity because there remains the possibility it is due to

unexpected geological features in the rock below the ice.
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Recent experimental evidence suggests that F/ewton’s law of

gra~-ity may not be precise (1,2). There are modern theories of

quantum gravity that, in their attempts to unify gravity with

other forces of nature, predict non-Newtonian gravitational

forces that could have ranges on the order of 102-105 m. If they

ekist, these forces would be apparent as violations of Newton’s

inverse square law. A geophysical experiment was carried out to

search for possible finite-range, non-Newtonian gravity over

depths of 213-1673 m in the glacial ice of the Greenland ice cap.

The principal reason for this choice of experimental site is that

a hole drilled through the ice cap already existed, and the

uniformity of the ice eliminates one of the major sourres of

uncertainty arising in the first of earlier studies2, namely, the

heterogeneity of the rocks through which a mineshaft or drill

hole passes. Our observations were made in tilesummer of 1987 at

Dye 3, Greenland, in the 2033 m deep borehole, which reached the

basement rock. The site is 60 km soutIl of the Arctic Circle, 125

km inland from Greenland’s east coast, and at 2560 m elevation

(Fig. 1).

The general configuration of the experiment is presented ~n

Figure 2. The Newtonian pred~ct~on of the qravity profile in the

borehole, based on a density model of the ice and the topoqraphjc

rel ief of the bedrock and ice surface developed from geop’~ysical

moasurern~nts, was compared with measured valuen. Illffcrenf:esin

[Jr<lvity,q, w~re moasurc{~ i~t:~evcral depth.~, z, ,itldmotielcd I)y:
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9~(z) = 72 - 4~GPiz + gr(z), (1)

where 7 is the theoretical free-air gravity gradient, G is the

Newtonian gravitational constant as determined in laboratory

experiments, pi is the ice density, and gr is a correction to the

gravity differences based on the attraction of the sub-ice

terrain. (The effect of the ice-surface topography is

negligible. ) Although I?q. (1) is adequate within the

uncertainties of our experiment, a more exact expression which

accounts for a vertical change in density, and the earth’s

ellipticity was used in the calculations. The gravity dnomaly,

ganom, is defined as the difference between the modeled gravity,

gm, and the observed gravity illthe borehole, gobs,

9anom = g ohs(z)-gm(z)” (~)

The steps taken to

model calculations will

obtain the experimental obsenations and

be described. The results are shown in

Table 1. The uncertainties in this table include contributior,s

from the measurements themselves and from imperfect knowledge of

the ice density and the terrain, with the latter effect

dominating. They do not.reflect an ignorance of the density

inhomogeneitieg in the underlying reck.

An accuracy of one part in one thousand was determined to be

necessary in all measurements in order to provide the gravity

suf ficlently accurately to detect the theoretical ly predicted

(Icvidtlons in Newtonian qravity. This would rdquire not only

,l(:(:uratecjr~lvitymeasurements but also accurate loc’(qt~onsof .111
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observations, because of the effect of variation of gravity with

location, especially elevation.

In order to insure an ultimate accuracy of less than 0.03

mGal, the borehole gravity meter was calibrated in Canada and

Alaska over the range of gravity valuss expected in the Dye 3

borehole by comparison with the readings of an absolute gravity

5meter , resulting in uncertainties in calibration less than 0.03

mGal in the borehole.

The borehola in Greenland 1s not vertical, so its trajectory

was obtained from downhole inrllnometers. The wireline to be

used for lowering the gravimeter down tha hole, ‘,.ascalibrated in

a 1520 m mjne shaft at the Consolidated Silver mine in Idaho by

5 before and after thecomparison with a laser geodlmeter

Greenland ●xperimants and resultad in measured depths to an

accuracy of about 1 part in 104.

Approximately 100 gravity obsenations were made in the

borehole distributed over 8 stations placed at 183 m intervals.

The uncertainty in tho gravity meamuremont at each de~th is

estimated to be 0.05 mGal. A surface gravity suney was

performed with LaCoste-Romberq relative gravity meters. Tile

region covered was 32 km in diameter and consisted of 25 situs on

three rings and at the center. Each slta WFS occupied four times

(v,lriously by two different observers) with four qravity meters.

lilcvations for the sites were obtained with a combination of
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first-order optical leveling and satellite observations with the

Global Positioning System. After corrections (to be described

below) the gravity values are used to provide further constraints

on possible sub-ice density variations.

The properties of ice have been extensively studied; samples

from Dye 3 have been analyzed in detai16 and densities were

calculated to an accuracy to 7 parts in 104 over the dspth range

of our experiments.

Additional

of the basement

thickness for a

gravity gradients are

rock; it is therefore

considerable distance

created by the undulations

important to map the ice

around the site of the

experiment. Airborne and ground ice-penetrating radar surveys

had previously been made in the vicinity of the site’, providing

moderately accurate coverage to a distance of more than 60 km. A

more detailed surface radar survey was completed within a 5 km

radius of the Dye site using the Scott Polar Resaarch Institute

radar system 5 (Fig. 3). The bedrock topography map was

constructed from the radar travel-times by a three-dimensional

migration algorithm (recorded along 124 radial lines for a total

of about 42,000

grid at a 125 m

over 70% of the

borehole, where

soundings) . The resultant map is defined by a

interval with a vertical uncertainty of s 5 m

area. In a few exceptional places far from the

reflections were very weak, the uncertainty rose

to 50 m. Ice thickness estimates ranqe, with position, from

approximately 1800 m ta 2100 m and is in general aqreement with
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previous regional surveys. The ice surface topography was also

mapped, out to 5 km from the borehole, to an accuracy of about 1

m using an electronic distance meter and theodolite.

The gravitational effect of bedrock topography (the terrain

correction) was computed at each gravity observation point, both

on the ice surface and in the borehole, using two different

techniques. The bedrock density was taken as 2.70 g/cm3, as

given by Jezek et ala. The two calculations agreed to within

0.01 mGal at locations down the hole. Imperfect knowledge of the

terrain was the largest component of the gravity corrections.

After all these conventional adjustments are applied, there

remains an unexplained gravity difference of 3.87&0.36 mGal

between the gra’~ity value at a depth of 213 m and at .673 m.

The rock beneath the ice has been treated as homogeneous.

However, density variations in the rock generally produce

vertical gravity gradients and geological studies of the coastal

regions of Greenland show that mafic intrusions with densities

from 2.8 to 3.0 g/cm3 are found within the metamorphic basement

and occupy a few percent of the exposed basement rockg. The

surface gravity map (Fig. 4) reveals anomalies within our network

that could be due to such masses.

To demonstrate unambiguously tl~e inadequacy of a purely

Newtonian explanation, one mllst show that no reasonable density
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variation in the basement can produce the observed anomalous

borehole gravity profile without conflicting with the surface

gravity survey data. It is well known that even complete gravity

information outside a body cannot uniquely determine the internal

density structure. However, the theory of ideal bodies 10 leads

to a rigorous calculation of the smallest possible density

contrast mathematically consistent with a finite number of

gravity observations. If such a calculation showed that a

geologically unacceptable density contrast was required to

produce the measure gravity values, the case for a modification

of Newton’s law of gravity would be made.

Tne smallest density contrast was found subject to a

specified weighted sum of the squared misfit to the observations

and their associated errors. All 25 surface values and 8

borehole values were used. The problem was solved approximately

with a quadratic programming algorithm, which constructs a block

m,>del of the density distribution. It is easily shown that the

density contrast causing the Chi squared-per-degree-of-freedom

value to achieve a specified value is the smallest possible

density contrast consistent with that misfit. Thus , by varying

the density we can find the least density contrast within the

basement necessary to reproduce the obsemat.icns as measured by

the size of the misfit functional.

All the gravity measurements are relative, so that, in

principle the same arbitrary constant may be added to each one.



To avoid the necessity of huge anomalous masses whose presence

would be inconsistent with geological considerations, an offset

is allowed as a parameter in the fit. Since the gravity suney

reveals variations in the corrected surface grzvity of up t-o10

mGal, values on this order for the arbitrary constant are

acceptable, but values several times larger would be difficult to

justify.

The bound on the density contrast and the constant gravity

offset was systematically varied and the results displayed as the

smallest possible misfit to the observations. The squared

misfits were ncrinalized by the number of observations (Chi-

squared-per-degree-of-freedom, see Fig.5) . The unit contour line

defines a good fit to the data, and a good fit can be obtained

for large but plausible density contrasts and acceptable offset

values. For example, the mass distribution depicted in Figure 6,

generated by the ideal-body code, has a density cnntrast of 0.3

gm/cr113(larger than this may be geologically unreasonable for

Greenland) and a regional offset of 10 mGal. The mass

distribution simultaneously fits the surface and borehole gravity

observations. The intrusive bodies represent a larger amount. of

mass than would be expected based on geologic maps of the

Greenland coast, where the rock is exposed9. Further, these

bodies fit the surface data alone and need only slight alteration

to fit the borehole data as well.
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The distribution found is not meant to be interpreted as the

actual one in the earth. It is representative of mathematically

possible soluticns for the density lower bound. The fundamental

nonuniqueness of the inverse gravimetric problem makes it

impossible to identify the actual density distributions

responsible for the gravity observations.

The above indicates that any complete analysis of

geophysical experiments searching for non-Newtonian gravity

should include a careful estimate of the ability of small density

contrasts to generate substantial vertical gravity gradients.

Future experiments should be designed with this approach in order

to quantify the gravitational contribution of geologic

heterogeneity. The best experiment will be one in which the

anomalous gravity demonstrably exceeds the quantifiable geologic

“noise”.

In conclusion, an anomalous gravity gradient was found that

could be taken as evidence for non-Newtonian gravity. This

possibility was tested by using regional gravity offset and

density contrast as parameters in an ideal-body analysis, which

found tnat the data can be fit with a Newtonian gravity model if

one allows large mafic intrusions in the bedrock and a

significant regional gravity offset. These findings could be

further tested by performing other geophysical surveys in the

region, such as aeromagnetic, to define the extent of the

intrusive.
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TABLE 1

z AZ 7A z

212.22 0.00 0.00

395.12 182.90 56.37

579.00 365.78 112.74

761.83 547.61 169.d9

944.63 731.41 225.45

1309.40 1096.18 337.91

1491.18 1277.96 393.97

9i~~ 9=

0.00 0.00

-14.06 -0.25

-28.13 -0.52

-42.21 -0.82

-56.31 -1.14

-84,44 -1.92

-98.47 -2.40

C3m

0.00

42.06

84.06

126.06

168.00

251.55

293.10

1673.23 1460.01 450.11 -112.52 -2.95 334.64

gobs

0.00

42.39

84.72

127.13

169.48

254.10

296.32

338.51

Yobg-Ym

(2.00

0.33

0.63

1.07

1.48

2.55

3.22

3.87

“9

0.26

0.25

0.23

0.20

0.19

0.15

0.s3

0.25

Table 1. This contains the absolute obsezwation depths, z; the

depths relative to the shallowest obsenation point, Az; the

theoretical free-air term, ~Az; the effect due to the ice

(approximately the second term in Eq. (l)), gice; the attraction

of the sub-ice terrain, gr; the theoretical gravity differences,

9~ - ~Az + gice + gx,; the observed gravity differences, gobs; the

anomalies, gob~-gm; and the uncertainties,
‘9“

(Note: 1 mGal. =

10-3 cm/s2.) The modeled and observed \’alues are affset to make

them both zero at z = 213.22 m, which is permitted since ell the

gravity observations are relative. All distances are in meters

and all gravity values are in mGal.
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FIGURE CAPTIONS

Fig. 1. Location of Greenland Experiment at Dye-3 Distant Early

Warninq Radar Station.

Fig. 2. Diagrammatic moael of the earth at the Dye-3 well site.

Approximate values of dept:~s and densities are shown.

Fig. 3. 3 Dimensional view of detailed basement topography from

radar soundings at Dye-3.

Fig. 4. Complete Bouguer gravity anomaly map of tflevicinity

surrounding the Dye-3 study area (which is located at 0,0) .

Fig. 5. A contour map of x2/(33j obtained by fitting the 33

gravity station measurements with an ideal body of density

cor.trast AP located at and below the rock-ice interface, in a

field with regional gravity OffSet,AgO. The specific case of AP

= 0.30g/cm3 and Ago=10 mGal is exhibited in Fig. 2.

Fig. 6. The plan view, at the rock-ice interface, of the ideal

body with density contrast fiP- 0.30 g/cm3, in a regional offset

field of Ago= 10 mGal, which can model the gravity observations.

The vertical dimension of.each piece of the idaal body is rouqhly

tho samo as its horizontal dimension. The triangles denote the

locations of the gravity measurements on the surface.
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