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FREE-AIR GRAVITY ANOMALIES SOUTH OF PANAMA AND COSTA RICA

(NOAA SHIP OCEANOGRAPHER - August 1969)

Robert J. Barday

Free-air anomaly profiles from a geophysical
investigation centered on the Panama Fracture Zone
are presented with their corresponding bathymetric
profiles. The quality of these profiles is indi-
cated by a mean free-air anomaly discrepancy of
3.48 milligals with a standard deviation of 3.28
milligals for 99 crossings of the ship's.track
These data support the existence of a deep, sedi-
ment-filled depression at the northern end of the
Panama Fracture Zone, the presence of a sediment-
filled marginal trough east of the Coiba Ridge,
and the accumulation of thick sedimentary deposits
on the eastern flanks of both the Cocos and Coiba
Ridges. The gravity data also suggest that there
is no large-scale change in crustal structure
across the Panama Fracture Zone, and the entire
survey area may be slightly out of isostatic
adjustment

1. INTRODUCTION

In August 1969 a geophysical investigation of the
Panama Fracture Zone was conducted by the National Oceanic
and Atmospheric Administration Ship OCEANOGRAPHER. Depth,
total magnetic intensity, and gravity meter readings were
recorded continuously over approximately 11,200 km of track-
line controlled by satellite navigation. This report

presents free-air anomaly profiles and discusses certain



geological conclusions that are consistent with the observed

gravity data.

2. DATA ACQUISITION AND REDUCTION

By definition, the free-air anomaly can be expressed as
FA=g0-y0 (1)
where y0=978.049 (1+0.0052884sin24>-0'0000059sin2X)> is the
theoretical sea level gravity given by the 1930 internation-
al gravity formula, and gQ is the observed gravity reduced
to sea level. For sea level gravity observations
g0=ZMG+R+Ec+Dc (2)
where ZMG (zeroed meter gravity) is a value equivalent to a
gravity meter reading of zero, R is the meter reading (in

milligals), Ec is the Eotvos correction, and Dc is the drif

correction.

Both data acquisition and reduction can most easily be

discussed from a term-by-term consideration of (2).
2.1 Zeroed Meter Gravity

The ZMG was obtained from a land tie at Rodman Naval
Station, Canal Zone, immediately before the survey. [The

details of the ZMG computation have been discussed by Orlin
and Sibila (1966) .] The base station is described by

Woollard and Rose (1963) as follows:



WH 1015. Rodman Naval Base, at shore end of
center of three piers next to large valve
block painted black and yellow, Lamont No.

BE 1-1.

2.2 Gravity Meter Reading

The gravity meter used for this survey was Askania "Sea
Gravimeter Gss2 after Graf', Model C, No. 22 (Graf and

Schulze, 1961; Schulze, 1962) mounted on an electrically

erected Anschutz Gyrotable. The gravity meter dial reading,
Rd ~d=*/~d w”ere is a constant necessary to convert dial
divisions into milligals), was recorded both digitally and

on analog strip chart.

All digitized dial readings were plotted against time,
and the wvalues appearing to be inconsistent were checked
against the analog strip chart. If discrepancies were found,
the digitized values were adjusted. If the inconsistencies-
persisted, the values in question were deleted unless they
could be related to any changes in speed or changes in

course less than 90°.

2.3 EOtvds Correction

Accurate navigation is critical to marine gravity ob-
servations. At 5°N, the mean latitude of this survey, and

at 27 km/hr, the average speed of this survey, the rates at



which the Eotvos correction changes with respect to course
and speed are 2.1 milligals/0 (for a N-S trackline) and 3.7
milligals/km/hr (for an E-W trackline). If the free-air
anomaly is to be determined to an accuracy of 1 milligal
(the accuracy to which R was measured), the course and speed
must be known within 0.5° and 0.2 km/hr, respectively.
Because the course and speed are computed from the
smooth plotted track, their accuracy depends upon the accu-
racy of the fixes, the elapsed time between fixes, and the

interpolation method used to determine the ship’s track

between fixes

This survey was controlled by the Navy’'s satellite
navigation system with the AN/SRN-9 equipment (Guier, 1966).
The accuracy of this system is largely influenced by uncer-
tainty in the .ship's wvelocity. As a first approximation, a
1.8-km/hr error in the ship's velocity results in a 0.45-km
error in the computed satellite fix (Stansell, 1970). If
the velocity is estimated from sea trial data or the speed
made good between previous fixes, as in the case of this
survey, then the computed fixes may be in error by as much
as 2 km

The average time interval between fixes was 2 hr. At
this interval an error of 45 km in the satellite fixes

would result in a one-milligal error in the computed Eotvos



correction. However, the elapsed time between fixes ranged
downward to 22 minutes implying a possible error in the
Eotvos correction of 10 milligals or more.

The interpolation method used to determine the smooth
pPlotted track was based on the assumption that the course
and speed made good are constant between navigation points.
(Navigation point is used here to mean a point where there
is a satellite fix or a change in course and/or speed.)

The computed Eotvos correction was, therefore, a discontin-
uous step function rather than a continuous function between
course and speed changes.

To remove these artificial discontinuities and minimize
error in the Eotvos correction, the following technique was
used (refer to fig. 1):

(1) For all but E-W lines both the speed made good, SMG

(B, fig. 1), and the difference between the course made

good and the course steered, CMG-CST (A, fig. 1), were

plotted against time. Both plots were then approxi-
mated by piecewise continuous curves in which
discontinuities occurred at any changes in speed and at
changes in course greater than 10°.

(2) For E-W lines the Eotvos correction (C, fig. 1), rather
than SMG and CMG-CST, was similarly treated.

(3) These piecewise continuous curves were, in turn,

approximated by straight line segments.
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Figure 1. Based on the assumption that the course and speed
made good are constant between navigation points, the

difference between the course made good and the course
steered (CMG-CST), the speed made good (SMG), and the

Eotvos correction become piecewise continuous step

functions of time [dashed curves (---)]. The solid
curves (---) illustrate a technique whereby these param-
eters can be made to more closely approximate continuous,
functions of time (not shown for clarity). Curves A
and B are from a N-S profile (No. 14) and curve C is
from an E-W profile (No. 3). The numbers enclosed in
boxes ( 13591 | signify the course steered for each seg-

ment of the CMG-CST curve bounded by circles (o). The
Eotvos correction used to compute the free-air anomaly
is determined from a linear time interpolation of the

circled wvalues.



(4) The time, course, and speed or the time and Eotvos
correction at each break in slope were entered into a
computer program that obtained the free-air anomaly at
each data point using the Eotvos correction computed
from a linear time interpolation of these parameters.
For all but E-W lines the program also requires course
and speed values immediately before and after each
change in course steered.

This technique is based on the assumption that the differ-

ence between the course and speed made good and the ordered

course and speed is the result of the current acting on the
ship. Although current in this sense of the word includes
many factors in addition to horizontal movement of the water,
its effect on the ship should wvary smoothly between large
changes in course and speed. Therefore, the speed made good
and the difference between the course made good and the
course steered should be continuous functions of time be-
tween speed changes and large changes in course steered.

Because the Eotvos correction computed for E-W lines is

insensitive to small changes in course, it must likewise be

continuous



2.4 Drift Correction

Because of instrumentation failure it was impossible to
complete a land tie at the conclusion of this survey. The
drift, D [D=-Dc/(t-t0O> where t is the time of observation
and tQ is the time of ZMG determination], was determined as
follows

(1) The free-air anomaly was computed without a drift cor-

rection.

(2) The differences AFA.. and At., where i<j were deter-

i] ID
mined for each trackline intersection; AFA-+=FA..-FA.
13 D1 ID
and At..=t..-t-- where FA., is the free-air anomaly and
ID D1 D1

tj* is the time of profile j at its intersection with
profile 1i.
(3) The drift was computed by a least squares fit of the
function AFA=DxAt to the pairs AFA"j At*j'
Illustrated in figure 2, this procedure follows from the
identities mm_i5=FAE$_D*(tiﬁ_to) and FAN31=Fm§I_D*(t%I_to)

where FAN” is the drift-corrected free-air anomaly of pro-

file j at its intersection with profile i. Therefore,

AFAN. .=FAN. .-FAN.
1D 31 13

=FA..-Dx(tj --t0)-FA .+Dx<ti .-tO>

=FA.i-FAij-DxCt.i-ti.)

—AFA~j—DxAt"J.



+aFA

4FAN. .=aFA. R

Figure 2. A statistical method for determining drift. The
free-air anomaly difference for each crossing of the
ship’s track is plotted against the corresponding time
difference. The drift, D, is the slope of the straight
line through the origin which (in a least squares
sense) most closely fits all the points (AFA—, At"]).



Assuming that the correct drift would minimize the crossing

errors,

—-2x a..x(AFA..-DxAt..)xAt..=0
, 13 13 13 ID

a. . x(At..)2=0
13 13

where N=the number of tracklines and a*j=1 if i<j, or aij=*
if i>j.

The method outlined above is wvalid if a statistically
significant number of crossings are available. For this
survey (fig. 3), 99 crossings were used, and the computed
drift of 0.17 milligals per day is consistent with the
gravimeter's drift history.

In the final stages of data processing, time profiles
of the free-air anomaly were plotted on an automatic X-Y

plotter. Residual discontinuities at course and speed

10



FREE-AIR ANOMALY DIFFERENCE (MILLIGAIS)

NN\ 300DO>ArcoroA<Da) OroaAo

(SA¥A) FONIYFIIIA FWIL

Figure 3. The free-air anomaly differences plotted against
the corresponding time differences for 99 crossings of
the ship's track. The slope of the solid line through
the origin (0.17 milligals per day) is the drift of the
gravimeter during this survey.
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changes were smoothed out by. eye or deleted, and appropriate

corrections were applied to the raw data tape.

3. DATA QUALITY

Figure 4 is a histogram of free-air anomaly discrepan-
cies [free-air anomaly discrepancy is defined here as the
absolute value of the free-air anomaly difference, AFA~*
(sect. 2.4)] at crossings of the ship's track. For 99
usable crossings the mean free-air anomaly discrepancy is
3.48 milligals with a standard deviation of 3.28 milligals.
Free-air anomaly discrepancies larger than 10 milligals are
without exception from regions of very steep gravitational
gradient

In regions of gentle gravitational gradient the free-
air anomalies compare within 10 milligals to those furnished
by Oregon State University and Lamont-Doherty Geological
Observatory

Satellite navigation contributed immeasurably to the
data quality, and the calm seas (sea state 3 or less) en-
countered throughout the survey kept the cross-coupling and

off-leveling errors to a minimum.

4. DATA PRESENTATION

The data are presented in profile form with the free-

air anomaly plotted above the corresponding bathymetry. All

12



24

23

22

21

20

19

18

17

16

15

14

13

12

11

10

.Mean
99 Crossings
Mean = 3.48 milligals
Standard Deviation = 3.28 milligals
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
FREE-AIR ANOMALY DISCREPANCY (MILLIGAIS)
%e 4. Histogram of free-air anomaly discrepancies

crossings of the ship's track.

13

at



profiles are numbered and keyed to an index map (see Appen-
dix and Plate 1). The free-air anomaly profiles are plotted
with a vertical scale labeled in milligals and selected to
give them a "relief" comparable with the accompanying ba-
thymetric profiles. Depths (after Grim, 1970a) are plotted
in meters with a vertical exaggeration of 50:1. Those pro-
files from trackline segments that are essentially N-S or
E-W are plotted against latitude or longitude, respectively.
All other profiles are plotted against distance.

The profiles are in three groups. The first includes
all E-W profiles south of 7°N. Generally these profiles are
arranged according to decreasing latitude. Included in the
second group and arranged according to decreasing longitude
are all the N-S profiles south of 7°N. The third group in-
cludes the relatively short profiles north of 7°N and those
profiles that are oblique to meridians and parallels of
latitude

The profiles presented were produced by an off 1line
CalComp plotter with a computer program written by Grim

(1970b).

5. DISCUSSION

If the vertical exaggeration of the free-air anomaly
profiles is selected to give them about the same "relief" as

the bathymetric profiles, then they should look 1like

14



filtered versions of the bottom topography. Departures
from this relationship are attributable to lateral wvaria-
tions in the subsurface density.

The most striking departure of the free-air anomaly
profiles from their corresponding bathymetric profiles is a
negative anomaly, shown in profiles 33, 36, 38, 53, 54, and
55, associated with the northern extension of the Panama
Fracture Zone. North of 7°N the western trough of the
Panama Fracture Zone bends slightly to the west and develops
an asymmetric V-shaped profile (profiles 38 and 55). Where-
as the western flank of this trough is very steep, the
nearshore, eastern flank has a gentle slope with a charac-
teristically rugged appearance. The free-air anomaly
associated with the western flank follows the bathymetry
quite closely, decreasing sharply from +25 milligals or
more to less than -25 milligals. The eastern flank free-air
anomaly, however, departs radically from the bottom profile;
whereas the bottom profile slopes toward the trough, the
free—-air anomaly in most cases slopes away from the trough.
Furthermore, the free-air anomaly shoreward of the trough
is considerably more negative than would be expected from
the bathymetry

In profile 55 the trough is marked only by an inflexion

in the free-air anomaly. A -68-milligal low in the free-air

anomaly profile lies about 40 km shoreward of the trough.

15



Similarly, the -62-milligal low of profile 36 is displaced
about 20 km east of the trough. The Jj“ree-air anomaly of
profile 38, on the other hand, apparently does not continue
to decrease east of the trough. Profiles 33, 53, and the
extreme eastern end of profile 54 show an inverse relation-
ship between the slopes of the free-air anomaly and the
characteristically rugged bathymetry.

These observations are consistent with the occurrence
of a deep, sediment-filled depression that wvan Andel et al.
(1971) have proposed to exist between the Cocos and Coiba
Ridges.

Another similar departure of the free-air anomaly from
the bathymetry is the negative anomaly associated with a

gentle bathymetric depression extending from the eastern
edge of the survey area (80°W) to about 81°40'W on the east-

ern flank of the Coiba Ridge. Although the axis of this
depression is not crossed by any of the survey lines, it
appears to be nearly coincident with profile 31. The free-
air anomaly, on the other hand, continues to decrease at

least as far north as profile

It is evident that this free-air anomaly pattern is a
continuation of the negative anomaly belt (Hayes, 1966) that
extends around the Gulf of Panama from the Peru-Chile Trench.
Hayes suggested that the most significant contribution to

this negative anomaly belt may be the "edge effect" (Worzel,

16



1965) of a steep continental slope. However, the observa-
tion that west of 80°W the axis of this negative anomaly
belt lies well shoreward of the bathymetric depression axis
is better explained by the sequence of deep, sediment-filled
marginal troughs proposed by wvan Andel et al. (1971).

Especially evident in profile 3 is the departure of the
free-air anomaly from the bathymetry on the eastern flanks
of the Cocos and Coiba Ridges. West of the Panama Fracture
Zone the eastern flank of the Cocos Ridge rises rather
uniformly while the free-air anomaly levels off west of
83°40'W. The free-air anomaly centered over the crest of
the Coiba Ridge falls off more rapidly to the east than
might be expected from the bathymetry. These deviations of
the free-air anomaly from the bottom topography are the re-
flection of thick accumulations of sediment on the eastern
flanks of both ridges (van Andel et al., 1971, figs. 5B and
11G) . This profile also suggests that there is no large-
scale change in crustal structure across the Panama
Fracture Zone.

The entire survey area may be slightly out of isostatic
adjustment, as indicated by an average free-air anomaly of

between +10 and +20 milligals.
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APPENDIX

Profiles

The following pages display the computer-produced pro-

files from the survey area

Profile Page Profile Page Profile Page Profile Page

1 22 14 35 27 23 42 27
3. 24 15 49 28 44 43 37
4 40 16 36 29 51 44 29
5 26 17 25 30 44 45 43
6 37 18 39 31 23 46 31
7 28 19 49 32 48 47 38
8 42 20 40 33 48 48 29
9 30 21 27 34 46 49 38
10 34 22 41 36 46 50 31
11 32 23 49 38 47 51 34
12 51 24 42 39 37 52 50
13a 33 25 51 40 25 53 48
13B 33 26 43 41 43 54 47
55 45

62 45

Table 1. Index of Profiles

21
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