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Microgravity Gradiometry Survey

North Spokane Aquifer

1. INTRODUCTION

Northwest Geophysical Associates, Inc.(NGA) conducted a microgravity gradiometry
survey in the North Spokane area. The objective of the survey was to provide
constraints on the thickness of sediments and the basement topography in the Hillyard
Trough.

Forty-one (41) microgravity station “triplets® (and an additional single station) were
obtained along a profile line extending from Waiki Road on the southwest to Dart Hill in
the northeast (Figure 1 & Plate 1). An additional leg of the profile extended to the
Dakota Well on the east. Nominal station spacing was 300 feet. Data are included in
Tables 1 and 2.

Field work was conducted on May 6-8, 1997. The survey included portions of Sections
7 & 8, T26N, R43E, W.M. Spokane County, Washington. It is covered by the southeast
quarter of the USGS 7.5 minute Dartford quadrangle.

Several water wells, identified on the site maps, Figure 1 and Plate 1, were on, or close
to, the line of the profile. The Whitworth Water District well (WWD) and the Dakota
well were on the line of the profile, and gravity stations were located within 50 feet of
the well heads. The Mayfair well is approximately 300 feet northwest of the profile, and
the Lafferty well is approximately 100 feet east at the northern end of the profile.

2. MICROGRAVITY TECHNIQUE

Gravity is a common geophysical technique used to estimate thickness of sediments or
depth to basement in restricted basins or graben structures. By measuring the local
changes in gravitational attraction, we can deduce information about the local density
structure. In many geologic settings, less dense sediments overlie more dense
bedrock or “basement’, creating an appropriate “target” for a gravity survey.

Microgravity surveys (with measurement resolution in the order of 5 to 20 microGal
(#Gal)) provide increased resolution of near-surface structures. Modemn instruments
enable us to achieve this accuracy with careful measurement techniques. The goal for
this survey was to achieve a 5 uGal accuracy.
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The gravity gradient is the rate of change of the observed gravity. It is measured as the
difference of two closely spaced measurements. The gravity gradient provides
additional resolution of near surface changes in density.

2.1 Measurement Techniques

Several factors become increasingly important as the accuracy of the measurement is
increased: -

2.1.1 Elevation

The elevation correction (i.e., change in gravity with elevation) is approximately
70 uGalffoot. That is, if the elevation survey has an accuracy of +0.1 feet, an
uncertainty of =7 uGal is introduced into our measurement. The goal for this survey
was to achieve a 0.05 foot accuracy, with a resulting variation of +3.5 pGal. To achieve
the desired 0.05 foot accuracy, the ground surface at the point of measurement must
be accurately measured and the height of the instrument above the survey point must
be accurately measured.

2.1.2 Instrumental Variations

Variations in instrument tilt and temperature are automaticailly compensated for by the
CG-3M gravity meter. However, care must be taken to minimize these corrections.
Excessive vibration noise is also rejected by the stacking software, but may still resuit
in noisy data,

2.2 Gradient Measurements

To obtain gradient data, gravity was measured at three locations (the gradiometry
triplet) for each station, the primary station and two secondary stations separated from
the base by 10-20 meters in orthogonal directions. The change in the vertical gravity in
two orthogonal horizontal directions, or the gradient vector, is then calculated and
broken into two consistent components (either N-S, E-W or along-profile, cross-profile).

The unit for gravity gradient data is the E6tvés unit, where 1 E6tvés = 10™ mGal/m.
3. FIELD PROCEDURES

3.1 Gravity Instrumentation

NGA utilized a Scintrex CG-3M high resolution automated gravity meter for the North
Spokane survey. This meter has a “reading resolution” of 1 4Gal and a “standard
deviation of measurements from the mean” of 5 xGal using normal procedures. The
instrument automatically integrates the signal over time, using spike noise rejection
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filters, to obtain the a mean and standard deviation for each station. The instrument
makes automatic corrections for instrument tilt, temperature, and earth tides.

3.2 Survey Paosition Control

A conventional land survey was conducted by Mr. Larry Benson of J. Paul Ramer and
Associates, Inc., Spokane, Washington. Each gravity station (the base point of each
tripiet) was surveyed to a vertical accuracy of 0.05 feet and a horizontal accuracy of -
better than 0.1 feet. Elevations were referenced to the Spokane County datum (USGS
datum) and horizontal positions were referenced to an arbitrary datum. That datum
was later “best fit" adjusted to a UTM datum from the USGS 7.5-minute Dartford
quadrangle. Absolute UTM coordinates are estimated to be 20 meters. Relative
coordinates have survey accuracy of better than 2 cm.

Positions of the second and third points of the gradiometry triplets were measured
relative to the surveyed base station of the friplet. Distance and azimuth were
measured with a 300 foot tape and a Brunton compass, respectively. Relative
elevations were measured using a faser level. Instrument height was measured from
the survey pin to a reference on the meter (top of the meter) to the nearest 1/8 inch.

3.3 Loop Closure

Station 300 was used as a relative base station and was occupied three times each day
(first reading, mid-day, and the last reading of each day) to monitor instrument drift.

3.4 Reference Base Station

The survey base station (Station 300) was tied to the Gravity reference base station at
the Spokane main Post Office (NW corner of Riverside Ave. and Lincoln Street). A
single loop was run from Station 300 to the Post office and back to Station 300 to close.
The absolute “adopted gravity value® for that base station is published by Defense
Mapping Agency as 980673.39 mGal. Observed gravity data from this survey have
been adjusted to that datum.

3.5 Error Estimates

The overall precision of the survey is indicated by the 59 repeat stations, with a total of
150 repeat measurements. Average mis-tie was 5.9 uGal with a standard deviation of
14.0 uGal. Most of the repeats were a return to the primary station of the triplet after
the other two stations had been measured.

Another measurement of precision is the standard deviation reported by the gravity
meter. The meter automatically stacks or averages over a preset interval, and reports
the average, and standard deviation of those measurements. On this survey, 60 to 120
measurements were stacked at each station. Reported standard deviations generally
were in the range of 15-30 uGal.
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For the gradient calculations (assuming a 10m separation, and adding errors x1#/2)
this translates to a standard deviation of 19.8 E6tvds.

If we consider the “resolution” of the measurement as two standard deviations of the
mis-ties, then the resolution of the gravuty data is £28 xGal and the resolution of the
gradient data is £30 E&tvos.

4. DATA PROCESSING

The following corrections have been made to the observed gravity data:

earth tide correction

instrumental drift correction (from loop closure)

latitude correction including spheroid and centrifugal effects (theoretical
gravity)

free air (elevation) effect

simple Bouguer correction (density 2.20 gm/cm”;
terrain effects (Complete Bouguer)

Reduced data, including gradient data, are reported in Table 1 following the text.
Gravity data processing was carried out using the Geosoft software GRAVRED
(Geosoft, 1994). The corrections are discussed below:

4.1 Earth Tides

Earth tides are the deformation of the solid earth in response to the gravitational forces
of the moon and the sun. Like the ocean tides they have periodicities of approximately
12 hours and 24 hours. Solid earth tides are much more predictable than the ocean
tides.

% “infinite slab")

oA WON~

Theoretical values for the earth tides, given the date, time, latitude and longitude, are
calculated by the microprocessor in the CG-3 gravimeter, and the appropriate
correction is made to the data. Earth tide displacements can be up to 10 cm. (Sheriff,
1984). The gravity corrections applied for this survey were up to 100 nGal.

Tide corrections used for the final data compilation were calculated and applied in the
GRAVRED processing using algorithms from the Dominion Observatory of Canada.

4.2 Instrument Drift

Instrument drift is corrected for assuming a linear drift over time, between the previous
base station reading and the subsequent base station reading. Base station readings
(station 300) were taken a minimum of three times per day (first reading, mid-day, and
last readings of the day).
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4.3 Theoretical Geoid

“Theoretical Geoid” takes into account the shape of the earth {a flattened oblate
ellipsoid) and includes the latitude effect and the effect of centrifugal force. Geoid
calculations were carried out and applied in the GRAVRED processing using the 1967
gravity formula:

g = 978031.846¢[ 1+0.005278895sin*(1)-0.000023462sin*(l) ]

where:
3 theoretical gravity in mGal (latitude correction),
1 latitude of the station

4.4 Free Air Correction

This correction is made for the differences in distance of the observation points from
the center of the mass of the earth. Free air corrections were calculated and applied
in the GRAVRED processing using the formula;

gr = 0.308596¢h,

where:
g free air correction in mGal
h, station elevation in meters.

The free air anomaly is:
8o = Sobs— B+ 8¢

where:
ga free air gravity anomaly
B+  Observed gravity (tide and drift corrected)
g theoretical gravity in mGal (sect 4.3),

4.5 Simple Bouguer Correction

The simple Bouguer correction accounts for the attraction of the mass of rock between
the station elevation and the datum (mean sea level). That mass is assumed to have a
density equal to a chosen “Bouguer correction density”. This correction should remove
or reduce elevation effects in the data.

The Bouguer correction density of 2.2 gm/cm® was selected on the basis of “Nettleton
plots” which are cross-plots of Bouguer corrected gravity versus station elevation.
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The Bouguer anomaly calculations were carried out and applied in the GRAVRED
processing using the formula:

Bbe = 8 — 0.0419088 (ph, )

where:
g« Bouguer anomaly in mGal,
ga Free air anomaly (sect. 4.4),
p Bouguer density of rock in g/cm® (2.2 gm/cm®for this survey),
h, station elevation in meters.

Simple Bouguer terrain correction was calculated and applied in the GRAVRED
processing.

4.6 Complete Bouguer Correction

The complete Bouguer, or terrain correction, accounts for the topography of the land
surface, and variations from the horizontal slab which is assumed for the simple
Bouguer correction.

For this survey a digital topographic database from the U.S. Geological Survey (USGS,
1993) was used. The digital elevation model (DEM), which is a raster form of the 7.5
minute quadrangle with a grid cell size of 30 meters, was employed for topography
beyond 250 meters. Geosoft software program TERRAIN was used to caiculate the
correction for each point. All three stations in each gradient triplet were corrected
independently. Corrections for each station are listed in Table 1.

4.7 Near field Terrain Correction

Additional manual near-zone terrain corrections were made for a dozen stations where
there was significant topographic relief within 250 feet of the station. These corrections
were calculated from field notes made at the time of the survey. Corrections for each
station are listed in Table 1.

5. MODELING AND INTERPRETATION

Prior to modeling, the corrected data were first gridded and then data were extracted
from the grid along the line of the profile. This procedure has two effects: 1) it reduces
some of the "off-line” effects, due to changes occurring in a direction perpendicular to
the profile line, 2) it acts as a smoothing filter. The ungridded data have a data
spacing which is approximately the same as the grid interval (20 m), depending also on
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the profile azimuth. Hence the modeled “observed data” in Figures 2, 3, and 4 have a
“station spacing” of approximately 20 meters.

The profile data were then modeled using NGA's 2%4-D modeling software, GM-SYS™.
Well data from the WWD well and the Dakota well were used as constraints on the
model, as was the Mayfair well which did not encounter bedrock. Bedrock outcrops at
the southwest end of the line, and on Dart Hill were also used as constraints.

6. DISCUSSION OF RESULTS

The gravity data have been interpreted to show the thickness of sediments along the
gravity transect across the Hillyard Trough in North Spokane. Figure 1 and Plate 1 are
site maps showing the locations of the gravity stations, and showing the straight line
profiles which were modeled. Figure 1 is at a scale of 1:20,000 and gives an overview
of the area, whereas Plate 1 is at a scale of 1:10,000 and provides more detail.
Figures 2 and 3 show that interpretation: Figure 2 along the transect through the
Dakota Well, and Figure 3 extending north to Dart Hill.

6.1 Microgravity Profiles

Several comments concerning the modeled microgravity profiles:

+ There is some ambiguity, or non-uniqueness, in the depth interpretation in that we
do not know the density of the trough sediments. The interpretation in Figures 2 & 3
uses a density of 1.95 gmlcm Figure 4 shows an alternate interpretation using
a density of 2.10 gmlcm which was the density selected throughout the
Spokane Valley by Purves (1969) on the basis of some samples and on the fit
to well data. Both models (Figures 2 & 4) fit both the Whitworth Water District
well (WWD) and the Dakota well. The shape and morphology of the basin is
the same in both models, as it will be for any given density, but the depth
scale is “stretched” somewhat for the higher density.

¢ This interpretation used a uniform density for the sediments throughout the
basin. Changes in density will, of course, alter the interpretation. However, a
priori we have no justification for inserting density variations without some
additional geologic input. The well data does show some stratigraphic
variations which could be included in the model. However the observed
stratigraphic variations will result in relatively minor density variations. With
only limited borehole data, any model including those stratigraphic features
would be highly speculative.

e The Lafferty well, 300 meters west of the Dart Hill gravity profile, reached its
total depth (TD) at 433 meters elevation (MSL) and did not encounter bedrock.
This is deeper than the interpreted depth-to-bedrock on either of the adjacent
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Further microgravity surveys are recommended in the North Spokane valley wherever
that depth-to-bedrock information would prove useful in constructing and constraining
the hydrologic model of the area, or where that information would otherwise aid in the
geologic interpretation.

The gradient data proved difficult to collect and analyze. Data from this survey did not
provide the increased resolution we had hoped for. We still believe that with some
incremental improvements in field techniques and procedures the desired resolution of
10-20 Eo&tvés can be obtained and modeled to provide increased near surface
resolution.

Gradiometry is currently a developing technique and not readily offered by other
geophysical contractors. Our familiarity with the process would lead to several minor
procedural changes in instrumental operation and data processing. Also, for future
surveys, we would recommend that all three points of the gradiometry triplet be
surveyed by the land survey, and that coordinates be referenced to UTM coordinates.

NGA would again collect and analyze the additional gradiometry data at no additional
cost to the client if contracted to perform another microgravity survey.
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