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In order to quantitatively examine the crustal structure of the

Panama Basin without the benefit of local seismic refraction data, the

following assumptions were made: (1) No significant lateral changes

in density take place below a depth of 50 km. (2) The densities of the

crustal layers are those of a 50-km standard section derived by

averaging the results of 11 seismic refraction stations located in

normal oceanic crust 10 to 40 million years (m. y. ) in age. (3) The

density of the upper mantle is constant to a depth of SO km. (4) The

thickness of the oceanic layer is normal in that region of the basin

undergoing active spreading, exclusive of aseismic ridges. (5) The

thickness of the transition layer is 1. 1 kin everywhere in the basin.

Subject to these assumptions, the following conclusions are drawn from

the available gravity, bathymetry, and sediment-thickness data: (1)

Structurally, the aseismic ridges are surprisingly similar, charac-

terized by a blocky, horst-like profile, an average depth of less than
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2 km, an average depth to the Mohorovicic discontinuity of 17 km, and

an average free-air anomaly of greater than +20 mgal. The fact that

their associated free-air anomalies increase from near zero at their

seaward ends to greater than +40 mgal at their landward ends suggests

that the Cocos and Carnegie ridges are uplifted at their landward ends

by lithospheric bending. (2) The centers of sea-floor spreading and

fracture zones are characterized by a shoaling of the bottom and an

apparent deepening of the Mohorovicic discontinuity. The only excep-

tion to this generalization is the northern end of the Panama fracture

zone between the Cocos and Coiba ridges. (3) The Panama fracture

zone and the fracture zone at 85°20'W longitude divide the Panama

Basin into three provinces of different crustal thickness. Between

these two fracture zones the crustal thickness is normal; west of

85°20W longitude it is greater than normal; and east of the Panama

fracture zone it is less than normal. (4) In. that part of the Panama

Basin east of the Panama fracture zone there is a major discontinuity

at 3°N latitude between a smooth, isostatically compensated crust to

the south and an extremely rugged, uplifted crust to the north. An

explanation for this discontinuity is the effect of the inflection in the

shape of the continental margin at 3°N latitude on the eastward sub-

ductiori of the Nazca plate.
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STRUCTURE OF THE PANAMA BASIN FROM
MARINE GRAVITY DATA

INTRODUCTION

The Panama Basin is the region of the Eastern Equatorial

Pacific that is bounded on the north and east by Central and Soi.ith

America and on the south and west by the Carnegie and Cocos ridges.

It is an extremely complex region, encompassing portions of the Cocos

and Nazca lithospheric plates and containing an active center of sea-

floor spreading, several major fracture zones, a marginal trough

sequence, the terminal ends of the Peru-Chile and Middle America

trenches, a large graberi, two major aseismic ridges, and several

smaller passive and abnormally shallow structures.

In 1969, this region was the site of two geophysical surveys.

The R/V Yaquina of Oregon State University (van Andel etal. , 1971a)

conducted a survey of the entire Panama Basin in an effort to resolve

its regional tectonics. The National Oceanic and Atmospheric Admiri-

istration Ship Oceanographer (Grim, 1970a) made a detailed survey of

the Panama fracture zone, the easternmost fracture zone in the basin,

in order to study its postulated connection (Moiriar and Sykes, 1969)

with the Galapagos rift zone, the active center of sea-floor spreading

between the Cocos and Nazca lithospheric plates.

These surveys, both controlled by satellite navigation, produced

a large quantity of surface-ship gravity measurements, having an

expected accuracy of better than ± 5 mgal (Couch, 1969; Barday,



1971). The purpose of this study is to learn as much as possible

from these data about the geologic structure of the Panama Basin.
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PREVIOUS WORK

Physiography, Structure, and Tectonics

Figure 1 shows the major physiographic and tectonic features of

the Panama Basin. The detailed discussion of these features by van

Andel et al. (l971a) is summarized below.

Forming the western and southern boundaries of the basin, the

Cocos and Carnegie ridges are aseismic features that line up with but

do not meet at the Galapagos pedestal; the Cocos ridge is separated

from this feature by a broad, low zone 2000 m to 2600 m deep. These

ridges, strikingly similar in relief and sediment cover, are also

similar to the Coiba and Malpelo ridges. At its northern end, the

Cocos ridge joins the continental margin and appears to completely

separate the Middle America trench and the Panama Basin. Similarly,

the Peru-Chile trench shoals abruptly and loses its identity in the gap

between the continental margin and the eastern end of the Carnegie

ridge.

At a longitude of approximately 82. 5°W, the north-s outh-

trending Panama fracture zone (Molnar and Sykes, 1969) divides the

basin into two geologically distinct regions, hereafter referred to as

the western and eastern basins.

The area to the west of the Panama fracture zone is occupied by

a broad basin that deepens from 2200 m in the west to 3400 m in the
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etal.. 197la).
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east. As indicated by magnetic anomalies (Grim, 1970b), earth-

quake epicenters (Molnar and Sykes, 1969), and bathymetry (Sciater

etal. , 1971), this area is undergoing sea-floor spreading at the crest

of the Galapagos rift zone. Located approximately midway between

the two aseismic ridges, the Galapagos rift zone is offset by several

smaller fracture zones. Although faulting along these fracture zones

appears to cause left-lateral offsets in the south flank of the Cocos

ridge, contrary to the right-lateral motions indicated by earthquake

studies, there are no offsets in the northern boundary of the Carnegie

ridge and no evidence that the fracture zones extend into this ridge for

any distance.

The area east of the Panama fracture zone is highly complex.

It contains several abnormally shallow structures, a marginal trough

sequence, and a large, well-defined graben. Located in an undulating

terrain, with a regional depth ranging from 3000 rnto3-600 m, the

abnormally shallow structures are similar in relief and sediment cover

to the Cocos and Carnegie ridges, but much smaller. Marginal troughs

parallel the continental margin from the northeastern end of the

Carnegie ridge to the eastern edge of the Coiba ridge. The Yaquiria

graben is one of the most striking features of the eastern basin.

Between Z°N and 4°N latitude, the graben consists of a deep, steep-

sided trough, with a level floor bordered by faults. It begins at the



gap between the Carnegie ridge and the continental margin and ex-

tends northward away from the margin to 5°N latitude where its

identity is lost in complex terrain. Along its length, it is offset

several times by right-lateral faults of a northeast-trending fault

system.

Sea-Floor Spreading

No magnetic anomalies in the eastern basin have been corre-

lated with the geomagnetic time scale (cf, Heirtzler etal. , 1968).

Therefore, in terms of sea-flbor spreading, this region of the Panama

Basin is an enigma.

Sea-floor spreading, however, is well documented in the

western basin by large-amplitude magnetic anomalies, which result

from east-west lineatiotas near the magnetic equator. From the

triple junction, at 2°ll'N latitude, lOZ°lO'W longitude (Hey etal.

1972), of the Pacific, Cocos, and Nazca lithospheric plates, the

Cocos -Nazca spreading center, or the Galapagos rift zone, extends

into the basin through the gap between the Galapagos pedestal and the

Cocos ridge. From there on, it approximately bisects the western

basin and terminates against the Panama fracture zone.

The reported spreading rate across this rift zone is variable,

partially because of its proximity to the pole of sea-floor spreading

at 2°N latitude, l3l°W longitude (Hey etal. , 1972) and partially



because of the scatter in the data. Because van Andel etal. (1971a)

and Grim (1970a) reported rates of 2. 8 cm/yr and 3. 1 cm/yr,

respectively, for the segment of the Galapagos rift zone just west of

the Panama fracture zone, 3. 0 cm/yr was the spreading rate chosen

for the calculations in this research. However, the more recent

works of Herron (1972), Sciater and Klitgord (1973), and Minster

etal. (In press) indicate that a better figure, at least for the present

spreading rate, is 3. 3 cm/yr.

Anomaly 5 (Pitman et al., 1968) (10 m. y. B. P.) is the oldest

magnetic anomaly found in the western basin. According to Herron

(1972), this anomaly is found both north and south of the easternmost

section of the Galapagos rift zone, named the Costa Rica rift zone by

Grim (1970b). Furthermore, van Andel etal. (1971a) presented

evidence that the age of the crust at the foot of the Cocos ridge de-

creases to the west. The most problematic feature in the observed

magnetic anomaly pattern, however, is an asymmetry in the anomalies

associated with the central portion of the Galapagos rift zone between

85. 5°W and 88°W longitude. Sclater and Klitgord (1973) observed

symmetrical spreading to anomaly 2' (0-3 m. y. B. P. ). To the south,

the identifiable anomalies terminate against the foot of the Carnegie

ridge. To the north, the amplitude decreases by a factor of two, and

anomalies 3 through the beginning of 5 (4-9 m. y. B. P.) can be -



identified, indicating that a short section of crust between anomalies

2' and 3 (3-4 m. y. B. P.) is missing.

Tectonic History

van Andel etal. (l971a) hypothesized that the formation of the

Panama Basin started with an ancestral Carnegie ridge being split

lengthwise by sea-floor spreading. All present abnormally shallow

structures in the basin are remnants of this ridge. As a consequence

of the present position of the Cocos and Carnegie ridges relative to

the spreading pole and the fact that the age of the crust abutting

against the Cocos ridge appears to decrease toward the west, they

believed that spreading started in the eastern part of the basin and

proceded westward in steps. Although this theory seems to account

best for the similarity in sediment cover, relief, and apparent age of

the abnormally shallow structures, it has some problems: the main

one being the apparent asymmetry in the spreading of the Galapagos

rift zone.

Another theory for the origin of the Panama Basin, advanced

by Herron and Heirtzler (1967), and Raff (1968), explains the ob-

served magnetic anomaly pattern by a change in the direction of sea-

floor spreading on the East Pacific rise. This change caused second-

ary spreading to occur on the Galapagos rift zone. According to

Holden and Dietz (1972), and Johnson and Lowrie (1972), the Cocos



and Carnegie ridges are formed by the trajectory of the Cocos and

Nazca lithospheric plates over the Galapagos hot spot. The main

problem with this hypothesis has been its failure to explain the origin

of the eastern basin and its prediction that the maximum age of the

crust in the Paname Basin is 30 m. y. (Hey etal. , 1972) or 40 m. y.

(Holden and Dietz, 1972). This prediction is in conflict with the

regional tectonics (Herron, 1972) and the observed magnetic anomalies,

both of which suggest that spreading initiated in the western basin

approximately 10 m. y. B. P. However, this hypothesis is strongly

supported by models of Minster etal. (In press) showing that the

configuration of the Cocos and Carnegie ridges is consistent with

world-wide absolute plate motions.

Gravity

Pendulum gravity measurements made in the Panama Basin are

catalogued by Heiskanen (1938), Bruins etal. (1960), and Worzel

(1965). According to Worzel (1965), these data indicate that the

Panama Basin is one of the regions in the world exhibiting free-air

anomalies that are predominately positive.
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FILTERED BATHYMETRY AND FREE-AIR
GRAVITY ANOMALY MAPS

Quantity and Distribution of Data Relative to
C omplexy of Structure and Bathymey

The Panama Basin is a structurally complex region of the sea

floor. In a 14° by 16° area from 4°S to 10°N latitude and from 76°W

to 92°W longitude, there are several aseismic ridges, fracture zones,

and centers of sea-floor spreading; there are two trenches, a mar-

ginal trough sequence, and a major graben. Besides conforming to

these relatively long-wavelength structural features, the bottom is

characterized by short-wavelength and high- amplitude topography over

rather large areas.

In this region of the Eastern Equatorial Pacific, there are sur-

face-ship tracklines represented by 19,673 depth values and 7,430

free-air gravity anomaly values. These tracklines, however, are not

uniformly distributed (Figure 2). In the NOAA survey area, the basic

trackline spacing is 56 km (30 nm), and the spacing is 28 km (15 nm)

in a 2 1/2° by 2 1/2° area from 4. 5°N to 7°N latitude and from 81.50

W to 84°W longitude. However, the major part of the basin is covered

only by the OSTJ survey, for which the trackline spacing is 222 km

(120 nm). Although there is a large amount of data to analyse, its

distribution is insufficient to resolve the shorter-wavelength corn-

ponents of the structure and bottom topography inmost of the basin.
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In response to these observations, a data-processing method

was devised to 1) reduce the scope of the problems to be investi-

gated, 2) optimize the spatial distribution of data relative to the

wavelengths of the investigated problems, and 3) reduce the task of

data analysis.

Filtering of Surface-Ship Data

12

Because surface-ship geophysical data are seldom gridded or

uniformly distributed, spatial filtering is a difficult and questionable

procedure. From a theoretical point of view, it is best to use a low

pass filter with a cutoff wavelength of at least twice the maximum data

spacing. From a practical point of view, however, such a filter is in

most cases too severe, resulting in the attenuation of important

anomalies. Therefore, spatial filtering is sometimes a compromise

between no filtering at all and that which is theoretically minimal.

The following two-phase method is such a compromise.

Phase 1 -- Gridding and Averaging

In the first phase of filtering, a rectangular area from 4°S to

lO°N latitude and from 76°W to 92°W longitude was divided into a 64

by 56 array of 15' grid squares, and each square was assigned two

indices numbered consecutively from the southwest corner of the grid.

The X or longitude index was designated J, and the Y or latitude index
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was designated K. An input file was then searched, and two 64 by

56 matrices were computed and stored on magnetic tape. The first

matrix, designated N(J, K), is an integer array of the number of input

data values that are included by each grid square. The second

matrix, designated D(J, K), is a real array of the corresponding

averages of the data values in each grid square.

The process was repeated three times; once for free-air gravity

anomaly, once for magnetic anomaly, and once for bathymetry

(Appendix 1). The resulting magnetic tape file contains an N and D

array for each of these three data types.

As a result of phase 1, the input data file is converted into

matrices, which can be thought of as representing a grid of filtered

data values: one data value located at the center of each grid square.

The advantage of such a data set, being represented by matrices,

is that it can be treated mathematically as a unit rather than as a set

of isolated values.

The disadvantages of such a data set are two-fold. First,

averaging data in 15' squares roughly corresponds to a low-pass

filtering operation in which wavelengths shorter than 15' are filtered

out of the data, thereby leaving wavelengths as short as 15' sampled

with a 15' grid. Information theory requires that the sampling

interval be no more than half the shortest wavelength in the data.

Therefore, for a 15' grid, the averaging should take place over 30'
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rather than 15' squares. Second, in the assignment of the averaged

value to the center of the grid square, the distribution of the original

data within the square is not taken into account.

In order to overcome these disadvantages, phase 2 is employed.

Phase 2 - - Further Averaging and Coordinate Assignment

The second phase of filtering results in a 30' average for each

compound square made up of four adjacent simple 15' grid squares.

Figure 3a represents one compound square for which the computed

average is

D(J, K)N(J, K)+D(J+l, K)N(J+ 1 ,K)+D(J, K+l )N (J,K+l )+D(J+1 ,K+1)N(J+l, K+lJ
N(J, K)+N(J+1, K)+N(J,K+l)+N(J+l ,K+l)

It is important to note that this average is equivalent to the simple

average of the original data included in the compound square.

A position is then assigned to the above average according to the

following four cases, listed in the order of preference:

Case 1 - - (Figure 3b) At least two diagonally opposed simple
grid squares are non-empty. In this case, the
assigned position is the center of the compound
square.

Case 2 (Figure 3c) Grid squares J, K and J, K+l are non-
empty, but J-1,K and J-1, K+1 are empty. In this
case, the assigned position is the point midway
between the centers of the two non-empty squares.

Case 3 (Figure 3d) Grid squares J, K and J+1, K are non-
empty, but J,K-1 and J+1,K-1 are empty. In this
case, the assigned position is the point midway
between the centers of the two non-empty squares.
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Figure 3. Diagram illustrating Phase 2 in the filtering of surface
ship data. (a) Compound square consisting of four adjacent
simple grid squares, (b) Coordinate assignment Case 1,
(c) Coordinate assignment Case 2, and (d) Coordinate
assignment Case 3.
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Case 4 - - Data fits none of the above three cases. In this case,
no position is assigned, and the computed average
does not appearin the file of filtered data.

This process is repeated for each value of J and K to arrive at a

file of data that approximately represents an array of 30' averages,

digitized at a 15' sampling interval.

Example

In order to better explain the filtering method, the following

example is presented:

Figure 4a is a map of the digitized free-air gravity anomalies

representing a surface-ship trackline traversing the 10 square area

whose southwest corner is at 2°N latitude and 86°W longitude.

Figure 4b is a diagram of the two corresponding arrays computed by

the application of filtering phase 1. The indices range from 25 to

0 028 because the grid origin is at 4 S latitude and 92 W longitude. The

array elements corresponding to empty grid squares [i. e. grid

squares for which N(J, K)0I have been omitted to help clarify the

explanation of filtering phase 2. The results of this second filtering

phase are shown in Figure 4c. Comparison between this map of the

filtered data and the diagram of the computed arrays shows that the

l-mgal and 2-mgal values are located accordingtà case 1,the 4-.

mgal value is locatedaccording to case 2, and the -'5-igal value is

located accOrding to case 3.
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Figure 4. Example of the method used to filter bathymetry and
free- air gravity anomalies. (a) Surface- ship gravity
data, (b) N and 11 matrix elements computed by filtering
Phase 1, and (c) Filtered gravity data computed h
ing Phase 2.



Maps Construction

The file of filtered surface-ship data was plotted on mercator

charts along with the data from 115 pendulum stations. The resulting

base maps were contoured, ignoring all pendulum station data located

within 28 km (15 nm) of filtered data values and giving equal weight

to all other data points.

Discussion of Maps

Because of the limitations imposed by the non-uniform distri-

bution of data and the filtering method followed, the only part of these

0 0maps that is adequately defined is the 2 i/z by 2 1/2 area of the

NOAA survey for which the trackline spacing is 28 km, one-half the

cutoff wavelength of the filter. Furthermore, the equal weighting of

unliltered pendulum station data and filtered surface-ship data leads

to features that are clearly artificial. In spite of these difficulties,

however, the maps are internally consistent, and the filtered bathy-

metry map compares favorably to the bathymetric contour map of van

Andeletal. (l97la).

Filtered Bathymetry Map

Figure 5 is a map of the filtered bathymetry. Although there

is general agreement between it and the bathmetric contour map of
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NO



20

van Andel etal. (1971a), there are two significant discrepancies.

The first is an apparent ridge on the filtered map trending

northeast from 1°N latitude, 87°W longitude to 3°N latitude, 85°W

longitude. This feature, which shows up best in the 2600-rn con-

tour, is controlled by data from only two tracklines and one pendu-

lum station at its northeast end (Figure 2). Therefore, its simple

shape is probably an artifact of insufficient data coverage. Because

both fracture zones and centers of sea-floor spreading are normally

expressed by bathymetric ridges, the northeast-trending ridge

probably reflects and should, therefore, follow the stair-step pattern

of east-west rift zone segments and north-south transform faults

found in the western basin. This conclusion is strongly supported

by the occurrence of a well-known fracture zone located at the point

where Profile CC' (Figure 13) crosses the mapped ridge.

The second discrepancy between Figure 5 and the bathymetric

contour map of van Andel etal. (1971a) is an apparent trough on the

filtered map connecting deep areas of the eastern and western basins.

Parallelling thecoast at 20 30'N latitude, 80°30'W longitude and

delineated by the 3000-rn contour, this trough was contoured as

shown because it is the simplest geometry consistent with the existing

data. However, the fact that there is no data at this latitude between

80°W and 81°W longitude permits a north-south ridge less than 2800

m deep to breach the trough between these longitudes. Although this
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alternate interpretation results in a more complex geometry, the

resulting ridge conforms closely to the uplifted flanks of the Yaquina

graben, contoured in the unfiltered map., As shown in Profile BB'

(Figure 12), the central downfaulted block of the graben is less than

25 km wide, and the associated uplift is approximately 100 km wide.

Therefore, on the filtered bathymetry map, the graben appears as a

ridge.

Another suspicious-looking constriction in the region of the

basin having a depth greater than 3000 m is a north-south trough,

which connects the northern and southern portions of the western

deep and separates the northeast-trending ridgediscussed above from

a lobate westward extension of the Malpelo ridge. This trough is

probably real, marking the location of a fracture zone at 84°30'W

longitude (Sciater and Klitgord, 1973). In the terminology of Grim

(1970b), this trough coincides with the Equador fracture zone, the

3200-rn closure in its center coincides with the 4200-rn Equador

depression, and the lobate western extension of the Malpelo ridge

corresponds to the Costa Rica rift zone.

The Panama Basin is divided into three physiographic provinces

by the Panama fracture zone at 82°30'W longitude and the fracture

zone at 85°20'W longitude (Sciater and Klitgord, 1973). East of the

Panama fracture zone, the bathymetry is quite complex with depths

ranging from less than 1400 m for the Coiba ridge to greater than

L
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3600 m seaward of the continental shelf at 5°N. Between the fracture

zone at 85°20W longitude and the Panama fracture zone, the bottom

is predomiriently deeper than 3000 m and generally conforms to the

normal depth-age relationship of Sciater etal. (1971). West of the

fracture zone at 85°2OTW longitude, the bottom is predominantly less

than 3000 m deep and in some places is as much as 1 km shallower

than the depth predicted by Sciater's curves.

The Cocos, Carnegie, Coiba, and Malpelo aseismic ridges are

all represented by depths shallower than 2000 m. Other than the

continental margin, these are the only areas in the basin that are this

shallow.

The Peru-Chile trench, extending northward into the survey area

at 82°W longitude, is well represented by depths as low as 3400 m.

The Middle America trench, however, is not apparent on the filtered

map.

Filtered Free-Air Gravity Anomaly Map

Figure 6 is a map of the filtered free-air gravity anomalies.

The significant features of this map are discussed below.

Free-air anomalies less than -20 mgal are confined for the

most part to a belt adjacent to the coastline. This near-short negative

anomaly belt is interrupted only at two places. In the bend around the

Gu]I of Panama, this feature is interrupted by a zone of no data.
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Hayes (1966), however, shows that the negative anomaly belt is con-

tinuous throughout this zone. The interruption at the intersection of

this feature with the Cocos ridge, however, is clearly real as mdi-

cated by the fact that the gravitational signature of the Middle America

trench is completely truncated by the +20-mgal contour.

Other than the negative anomaly belt discussed above, there

are only two small areas in the Panama Basin where the free-air

anomaly is less than -20 mgal. One at 4°30'N latitude, 82°W longi-

tude corresponds to a bathymetric depression to depths greater than

3600 m (Figure 5). The other at 2°45'N latitude, 84°30'W longitude

corresponds to the Equador depression mentioned above. On the

unfiltered free-air anomaly profiles of Barday (1971), this depression

is manifested by a -70-mgal anomaly.

Free-air anomalies greater than +20 mgal form a semi-con-

tinuous band just seaward of the negative anomaly belt discussed

above. The continuity of this band is interrupted at only three places:

at 3°30'S latitude by a northeast-trending fracture zone, at 2°S

latitude by a northeast-trending negative anomaly at the foot of the

Carnegie ridge, and between the equator and 3°N latitude by a broad

zone extending east-west across the entire basin and containing no

anomalies less than -20 mgal or greater than +20 mgal. The slope

and amplitude of the gravity anomaly associated with the southeastern

boundary of the Carnegie ridge, at 2°S latitude, is the result of two
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closely spaced pendulum stations with free-air anomalies of +47 and

-6 milligals.

The most striking feature of the free-air anomaly map is a

200-km by 200-km area characterized by anomalies greater than

+20 mgal and bounded on the north and east by the negative anomaly

belt, on the west by the Panama fracture zone, and on the south by

3°N latitude. Although this area contains anomalies less than +20

milligals, these anomalies occupy a very small percentage of the

total area. Furthermore, the boundary between this area and the

zone of moderate free-air anomalies to the south is quite sharp,

suggesting a major structural discontinuity in the eastern basin at

3°N latitude.

The remaining area characterized by free-air anomalies greater

than +20 mgal is the landward half of the Cocos and Carnegie ridges.

On the Carnegie ridge, the apparent northward extension of the +20-

mgal contour at 85°W longitude is based on only one point. If this

point had been rejected, as it was for the filtered bathymetry map,

then these maps would be conformal,and the +20-mgal contour would

not extend north of the equator.

Anomalies greater than +40 mgal correspond to the extreme

laridward ends of the Cocos and Carnegie ridges and the aseismic,

abnormally shallow structures of the eastern basin.
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Finally, the entire western basin,, like the southern half of the

eastern basin, is characterized by moderate gravity anomalies. At

0 04 45'N latitude, 82 30'W longitude, there is a small area where the

free-air anomaly is greater than +20 milligals; and, as stated above,

at 2°45tN latitude, 84°30'W longitude, the Equador depression is

expressed by a -30-mgal low. Everywhere else the free-air anomaly

is less than +20 mgal and greater than -20 mgal.
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ASSUMPTIONS MADE IN THE CONSTRUCTION
OF CRUSTAL MODELS

Construction of crustal models from gravity data at best yields

non-unique results. Lack of seismic refraction control to remove

some of the inherent ambiguities necessitates many restrictive

assumptions, which can best be discussed in reference to Figure 7.

This figure includes a diagram of an iafinite-slab model, a key giving

the definitions of associated variables, and a list of the equations re-

lating these variables. Of the 16 variables listed, five can be

determined from the given equations, and the following four are

known: Rl=l. 03, the average density of sea water; Tl=measured

depth; T2sèdiment thickness measured from isopach map (van Andel

etal., 1971a); Gmeasured free-air gravity anomaly. Therefore,

seven indeterminate variables remain to be resolved by the following

five assumptions:

No Significant Lateral Changes in Density
Take Place Below a Depth of 50 KM

The fact that standard sections of 50 km and shallower have been

used successfully for all seismically controlled crustal models, except

those over active trenches (Appendix 2), indicates that the above

assumption is justified for the Panama Basin survey area, which con-

tains only the terminal ends of the Middle America trench and the
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Peru-Chile trench. Further justification of this assumption is implied

by the apparent absence of ultra-long-wavelength components in the

Panama Basin gravity field.

Implicit in the justification of the use of all standard sections

and, hence, arguments for isostatic compensation at some fixed depth,

is the reasonableness of the computed cross sections. Significant

lateral changes in density below the computed section could very well

lead to unreasonable densities when the model is constrained by

seismic refraction stations. However, in a locale such as the Panama

Basin where there is little or no constraint placed on the deep struc-

ture, the breakdown of this assumption cannot be detected. That the

computed depth of the Mohorovicic discontinuity might exhibit a long-

wavelength error is about all that can be said under these circum-

stances.

The Densities of the Crustal Layers Are Equal to
Those of the Standard Section

That three crustal layers exist has already been assumed in the

construction of Figure 7. This assumption is supported by data from

the majority of marine seismic refraction stations, although according

to Shor etal. (1970) there are definite indications, especially north

of Hawaii, that there are actually four layers. Similarly, the majority

of crustal models have been computed on the basis of three layers,
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but a few (Talwani etal. 1959b; Couch, 1969) have been computed on

the basis of four.

That these layers have constant densities equal to those of the

standard section is the conventional assumption in areas where

seismic refraction results do not present contradictory constraints.

This convention is based on seismic refraction data (Shor etal.

1970), which show that crustal thickness is more variable than crustal

density.

How reasonable this assumption is can best be assessed by

looking at Figure 8. The densities of the computed standard section

(Appendix 2) are 2. 0 for the sediment layer (layer 1), 2.6 for the

transition layer (layer 2), and 2. 9 for the oceanic layer (layer 3).

These densities certainly fall within the ranges of the corresponding

density distributions shown in the figure. Given the scatter in the

densities of the transition layer, it appears that the assumption of

constant density is most in error when applied to this layer. However,

the resulting error is second in magnitude to that caused by the as-

sumption made below that the thickness of the transition layer is

constant.

The Density of the Upper Mantle is Constant
to a Depth of 50 KM

From Figure 8, it appears that this assumption is as good as

the previous assumption about the densities of the crustal layers.
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However, there are two reasons why this is the most limiting assump-.

tion of all: 1) In a 50-km marine section with approximately 40 km

of mantle, a 0.01 -g/cm3 change in mantle density causes a 17-mgal

change in the attraction of an infinite slab. Therefore, the mantle

density is an order of magnitude more critical than the crustal densi-

ties. 2) There are petrologic and geophysical reasons why the density

of the upper mantle is not constant.

An argument in favor of this assumption, in addition to its being

necessitated by the absence of refraction control, is its apparent

ability to yield reasonable results.

Although this assumption does not permit direct reduction in the

number of indeterminate variables, it paves the way for later compu-

tations and permits construction of two- and three-dimensional models

without necessitating additional assumptions.

The Thickness of the Oceanic Layer is Normal in Regions
Undergoing Active Spreading, Exclusive of

Aseismjc Ridg

Normal thickness of the oceanic layer, according to Goslin et al.

(1972), is given by T3=5. 05-1.805 exp (-age/18), where T3 is ex-

pressed in km and age is expressed in m. y. This relationship is

depicted in Figure 9. It is interesting to note here that Goslinetal.

(1972) also find no significant variation in the thickness of layer 3

with spreading rate.
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That this relationship holds for a region as anomalous as the

Panama Basin is subject to question. However, if it does hold, it

does so in the western basin wherethe age of the crust is known from

magnetic anomalies and the depth is close to that predicted by the

empirical depth-age relationship of Sciater etal. (1971).

In conjunction with the assumption of constant uppermantle

density, this assumption permits the computation of the mantle density.

The Thickness of the Transition Layer is 1. 1 KM

Shor etal. (1970) argued for an inverse relationship between

the spreading rate and the thickness of layer 2. Such a relationship

is based on the physical reasoning that the discharge of lava at ridge

crests is constant everywhere. Pictured in Figure lOa, the best fit

to a limited set of data from the Pacific Ocean, Atlantic Ocean,

Indian Ocean, and Red Sea is a curve representing a discharge rate

of 66 km3/lO6yr per kilometer of ridge crest.

Goslin et al. (1972) argued for a constant thickness of layer 2

with age (Figure lOb). They further argued that all the Pacific re-

fraction data presented by Shor etal. (1970) only weakly suggest the

inverse relationship proposed in Figure lOa, on the basis of fewer

data points and supplemental data from three other areas.

As indicated by the dashed lines, both Figures lOa and lOb

imply that a 1.1-km-thick layer is appropriate for a crust spreading
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at a rate of 3 cm/yr. However, Shor etal. (1970) stated that the

median thickness of layer 2 is 1.2 km rather than 1.1 km, which

appears to be a better fit to the data presented in Figure lOb.

It should be emphasized that local variations in the thickness

of layer 2 are not ruled out by the above work. The scatter in the

data itself points to this conclusion. Shoretal. (1970) pointed out

that although some of this scatter results from the inaccuracy in the

determination of the layer velocity, much of it is probably real.

They further stated that this is the most variable layer in the oceanic

crust, and regional variations are evident. The fact that this van-

ability is not taken into account leads to high-amplitude, short-wave-

length errors in the Mohorovicic discontinuity of the crustal sections.
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CRUSTAL SECTIONS

Determination of Mantle Density and
Construction of Crustal Sections

Crustal sections are computed following the technique described

by Taiwani etal. (l959a), which is based on the assumption that struc-

tures are two-dimensional, extending to infinity in each direction

normal to the given profiles. Therefore, profiles were selected to

not only provide crustal cross sections of but also run transverse to

the following physiographic and tectonic features (Figure 1): Profile

AA' -Panama fracture zone and Coiba ridge; Profile BB' - -Cocos

ridge, Malpelo ridge, Yaquina graben, and marginal trough; Profile

CC' -Cocos ridge, Carnegie ridge, and Peru-Chile trench.

The assumptions and equations discussed above essentially fix

all the model variables except the thickness of the oceanic layer or

the mantle density. However, the mantle density can be determined

by applying the assumptions of normal oceanic layer thickness and

constant mantle density as constraints on the computed sections.

Since the standard section is determinedfor an oceanic crust

with normal upper mantle density, the above constraint of normal

oceanic layer thickness must be applied only to those parts of the

profiles at which there is expected to be both normal oceanic crust

and normal upper mantle. Normal oceanic crust, as mentioned in



the argument for normal oceanic layer thickness, is expected to be

found only in the triangular area of the Panama Basin that is bounded

by the Cocos ridge, the Carnegie ridge, and the Panama fracture

zone. On the other hand, normal upper mantle, according to Shor

et al. (1970), is found at distances greater than 250 km from active

spreading centers. Therefore, only a very small area of the Panama

Basin is left in which to apply the above constraints. Figure 1 shows

that this area is spanned by profiles AA' and BB' in the distance

ranges listed in Table 1.

Based on preliminary calculations using the infinite-slab app rox-

imation, the crustal sections were computed using a mantle density

of 3. 28 g/cm3 (0. 04 g/cm3 less than the standard section). Measured

from these sections, the approximate thickness of layer 3 in the area

of normal crust and subcrust is listed in Table 1. An approximate

average of this thickness is 4. 5 km.

Since the age of the crust in this area is approximately 9 m. y.,

the thickness of the oceanic layer should be 4. 0 km, according to the

formula of Goslinetal. (1972). The thickness of the oceanic layer

computed with a mantle density of 3. 28 g/cm3 is, the refo.re, 0. 5 km

too great. However, a mantle density of 3. 27 g/cm3 would be even

more anomalous and would result in a computed thickness of the

oceanic layer 0. 5 km too small. Therefore, 3. 28 g/cm3 is the most

conservative choice for the mantle density, based on the assumptions
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Table 1. Computed oceanic layer thickness in region of normal
oceanic crust and subc rust.

Profile Distance Thickness

AA' 100-200 5.0-4.0
BB' 280 - 350 5.5 - 3.5

Approximate average thickness of oceanic layer in area
of normal oceanic crust and subc rust 4.5 km

Distance profile distance spanned by region of normal oceanic
crust and uppermantle

Thickness = approximate thickness of oceanic layer with a mantle
density of 3. 28 g/cm3
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discussed above and the convention of rounding mantle density off to

the nearest hundredth.

The 0. 04-g/cm3difference between the mantle density of the

standard section and that of the crustal models can be entirely ac-

counted for by phase changes and thermal expansion in the lithosphere.

The area of normal oceanic crust and subc rust spanned by profiles

AA' and BB' corresponds to a crustal age of approximately 9 m. y.,

whereas the standard section is determined for a patch of oceanic

crust with an age of approximately 25 m. y. In the lithospheric model

of Sclater and Klitgord (1973, Figure 14), 0.01 g/cm3 is accounted

for by the shoaling of the Plagioclase-to-Pyroxene phase change,and

0. 03 g/cm3 is accounted for by an average lithospheric temperature

change of 225°C between 9 m. y. and 25 m. y.

Finally, the crustal sections were constructed by rigidly ad-

hering to assumptions of a constant mantle density of 3. 28 g/cm3,

constant crustal densities equal to those of the standard section, and

a constant thickness of layer 2. This later assumption was violated

only at one location landward of the Peru-Chile Trench on Profile

CC'.

Crustal and Subcrustal Cross Sections

The most striking feature of the crustal sections presented in

Figures 11 through 13 is the jagged appearance of the Mohorovicic
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discontinuity. The primary causes of this short-wavelength, high-

amplitude noise are variations in the thickness of the transition layer

and departures of the sediment-layer thickness from that shown on

the isopach map of van Andel etal. (1971a). In the construction of

these crustal sections, only the crust-mantle interface is adjusted to

account for the observed free-air gravity anomaly. Therefore,

residual variations in the thickness of layers 1 and 2 must be corn-

pensated for by similar variations in the crust-mantle interface.

Furthermore, because of downward continuation effects, the resulting

variations in the Mohorovicic discontinuity are amplified by an

amount that is exponentially related to the depth difference between

these shallow layers and the crust-mantle interface, divided by the

wavelength of the residual variations.

Because the crustal sections are computed from the original

unfiltered data based on the assimption of two-dimensionality, the

modeled Mohorovicic discontinuity departs from that computed from

the filtered data using the infinite-slab approximation, especially in

areas where the crust-mantle interface exhibits short-wavelength,

high-amplitude changes. Here, the mapped discontinuity is smoother

and of lower amplitude than that of the crustal sections. In most

places, however, the agreement between the two is very good.

In view of the above observations, the best estimate of the true

location of the Mohorovicic discontinuity is probably a smoothed
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version of the profiled interface. Therefore, the depths to the crust-

mantle interface quoted in the followingdiscussion of the individual

profiles are estimates of the depth to such a smoothed interface.

The distances referred to in the following discussion are

measured along the profiles from their left or western ends.

Profiles AA'

Represented in Figure 11, ProfileAA' provides crustal and

subcrustal cross sections of three major structural features.

From 0 km to 100 km, the Cocos ridge rises to a depth of 1.9

km, is expressed by a free-air anomaly of +46 mgal, and is under-

lain by a Mohorovicic discontinuity as deep as 13. 5 km. Similarly,

from 270 km to 385 km, the Coiba ridge rises to a depth of 0. 9 km,

is expressed by a free-air anomaly of +89 mgal, and is underlain by

a Mohorovicic discontinuity as deep as 17.5 km, 2 km deeper than the

mapped depth.

Between these two ridges, from 100 km to 270 km, however,

the structure isn't as straight forward. Here, the bathymetry is

characterized by a graben-like normal faulting to acentral low block

4.65 km deep. Over this block the free-air anomaly is -46 mgal,

and beneath it the Mohorovicic discontinuity reaches a minimum depth

of 8. 5 km, 1 km less than the mapped depth. Based on the location

of earthquake epicenters and the termination of east-west magnetic
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anomalies at its western boundary fault, the central block is the locus

of the Panama fracture zone. On either side of this block there are

two or more downfaulted blocks, each of which slopes away from the

fracture zone. However, the net effect of the downfaulting is an

increasing depth from each aseismic ridge to the fracture zone.

This increase in depth and the resulting shoaling of the Mohorovicic

discontinuity is exactly opposite to what is observed for the fracture

zones in the rest of the basin and most fracture zones elsewhere

(cf. van Andel et al. , 1971b; Menard and Atwater, 1969).

Perhaps this apparent enigma is caused by the proximity of

the aseismic ridges. Although both ridges appear to be terminated

by normal faults with greater than 1 km of displacement, perhaps

these ridges actually extend to the fracture zone and, therefore,

their relief dominates and overrides this feature. This speculation

is supported by the apparent width of the aseismic ridges on the other

two profiles. If this is true, however, the computed mantle density

should be greater and the crust thicker everywhere since, for the

purpose of computing mantle density, the section of Profile AA'

between the eastern fault of the Cocos ridge and the Panama fracture

zone (100 km to ZOO km) is considered to overlie normal crust.
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Represented in Figure 12, Profile BBT provides crustal and

subcrustal cross sections of five major structural features.

Spanned by this profile, at least from 15 km to 285 km, the

Cocos ridge reaches a minimum depth of 1 km, has an associated

maximum free-air anomaly of +75 mgal, and lies above a mantle that

reaches a depth of 17 km. Although the ridge appears to be termin-

ated at the south by a large normal fault with over 1 km of relief,

the bottom continues to slope away from the ridge until, at a distance

of 374 km, it is 3. 3 km deep. This slope is clearly abnormal with

respect to the depth-age relationship of Sclateretal. (1971), but

whether or not normal crust underlies this area is subject to question.

Since the segment of this crustal section from 280 km to 350 km is

assumed to represent normal oceanic crust for the purpose of mantle-

density determination, a negative answer to the above question would

indicate a higher mantle density and a deeper crust.

The Panama fracture zone is reflected by a peak in the topo-

graphy, at 456 km, to a minimum depth of 2. 3 km and a free-air

anomaly of +49 mgal. It is located near the center of a 95-km-wide

topographic rise between two maximum depths of 3. 7 km, at 409 km,

and 3.6 km, at 504 km. Both the differential elevation of this rise

and the associated depression of the Mohorovicic discontinuity are
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approximately 1 km. Thus, the fracture zone results in a 2-km

thickening of the crust.

Between 504 km and 539 krn, the crust-mantle interface shoals

to a depth of 8km, 1.5 km shallower than the mapped depth. From

a depth of 3. 6 km, at 539 km, the bottom begins to shoal, rising to a

minimum depth of 0. 9 km, at the high point in the Malpelo ridge.

This aseismic ridge, which results in a maximum free-air anomaly

of +90 mgal and a maximum crust-mantle-interface depth of 15.5 km

(1 km deeper than the mapped depth), lies between the local depth

maximum at 539 km and another at 734 km. The primary topographic

signature of this ridge is not as easy to define as it is for the Cocos

ridge, but it probably extends from a scarp at 570 km to approxi-

mately 710 km where the bottom becomes relatively smooth.

From the depth maxima of 3. 0 km at 734 km and 3. 3 km at 854

km, the bottom slopes upward rather uniformly to depths of 2. 05 km

and 2.25 km where the free-air anomalies are +68 mgal and +61

mgal, respectively. In the middle of this uniform uplift is a central

downfaulted block whose center, at approximately 810 km, has a depth

of 4. 7 km and a free-air anomaly of -65 mgal. This feature, called

the Yaquina graben, is expressed by a deepening in the crust-mantle

interface of less than 1 km. Here, the departure between the mapped

and the modeled Mohorovicic discontinuity is as great as 3 km be-

cause of the proximity of the continental edge.



At approximately 900 km, a free-air anomaly of -70 mgal is

the gravimetric expression of a marginal trough.

Profile CC'

Represented in Figure 13, Profile CC' provides crustal and

subcrustal cross sections of five major structural features.

A distance of 303 km marks the location of a bathymetric

maximum to the south of the Cocos ridge. North of this location,

the ridge rises to a minimum depth of 1. 1 km and generates a maxi-

mum free-air anomaly of +38 mgal. The computed depth to the

Mohorovicic discontinuity beneath this ridge is 19 km, 1 km deeper

than the mapped depth.

0At 500 km, the fracture zoneat 85 20 W is expressed as a

narrow trough in a broad topographic rise. The depth changes from

2. 0 km on the north flank of this trough to 3. 1 km at its center; the

corresponding free-air'anomaly changes from +22 mgal to -15 mgal.

The trough asymmetrically splits a broad topographic rise from a

depth of 2.8 km, at 44 km, to 3.5 km, at 611 km. The topographic

rise is reflected in a deepening of the Mohorovicic discontinuity from

10. 7 km, at 360 km, to 13. 7 km beneath the fracture zone.

Between local bathymetric deeps of 3. 5 km, at 695 km, and

3.1 km, at 1022 km, the Carnegie ridge rises to a depth of 1.05 km,

exhibits a maximum free-air anomaly of +52 mgal, and reflects a
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deepening of the Mohorovicic discontinuity to 18, 5 km, 2 km deeper

than the mapped depth.

From the 1022 km deep to a distance of 1210 km, the bottom

rises to a depth of 2.6 km, the free-air anomaly increases from 0

mgal to +25 mgal, and the crust-mantle interface deepens 1 km

from 9. 5 km to 10.5 km. At 1210 km, a major discontinuity exists,

which causes a 1 km vertical downdrop of the bottom to a depth of

3.6 km and an associated -45 mgai change in the free-air anomaly

from +25 mgal to -20 mgal. To the south of this discontinuity, the

bottom remains flat while the Mohorovicic discontinuity rises to

6.5 km, the shallowest depth to the crust-mantle interface on any of

the 3 profiles. The 1210-km discontinuity, therefore, is the most

profound structural discontinuity found anywhere in the survey area.

It corresponds to a major northeast-trending fracture zone, as mdi-

cated by its trace on the filtered free-air anomaly map.

From a slight rise in the bottom to a depth of 3. 3 km, at 1299

km, the depth increases to 4.8 km, and the free-air anomaly changes

from -5 mgal to -118 mgal, at 1345 km, the axis of the Peru-Chile

trench.
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MOHOROVICIC DISCONTINUITY MAP

C omputation of Depth to the Mohorovicic Disc ontinuiy
and Construction of Map

In a manner analogous to the computation of a simple bouguer

anomaly, the depth to the Mohorovicic discontinuity was computed

using the infinite-slab approximation.

Solution of the equations listed in Figure 7 for the depth to the

Mohorovicic discontinuity yields the following result:

3 3
T = [A-BG+ (R.T.)-R4(E T.fl/(R5-R4)

i=l i=l

where: AR5D-AT/K and B=1/K. This is the algorithm used to

compute the depth to the Mohorovicic discontinuity via programs

THICKOMP and FILTGRID (Appendix 1).

The process by which the basemap for contouring depth to the

Mohorovicic discontinuity was constructed can most easily be dis-

cussed in reference to Figure 16.

The magnetic-tape file of gridded and averaged surface-ship

geophysical data was reformatted, and data representing non-empty

grid squares was punched on cards, to which the sediment thickness

measured from the isopach map of van Andel etal. (1971a) was

added manually. Program FILTHICK computed the depth to the

Mohorovicic discontinuity at each grid point and then filtered these
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depths using filtering phase 2 to operate on the D array that consisted

of the computed depth to the Mohorovicic discontinuity and the N array

that consisted of the number of free-air anomaly values in each grid

square.

The pendulum station data were processed by manually adding

sediment thickness to each record in the same manner as above.

Program THICKOMP then computed the depth to the Mohorovicic

discontinuity at each point.

Both of these files were then plotted on a mercator chart,

which was later contoured by hand, ignoring as before all data from

pendulum stations that were closer than 28 km (15 nm) to filtered

data values.

Discussion of Map

Figure 14 is the contoured map of the computed depth to the

Mohorovicic discontinuity. Excluding the continental margin, the

only features of this map overlying a crust-mantle interface deeper

than 15 km are the four named aseismic ridges. Although the depth

to the Mohorovicic discontinuity beneath the Coiba and Malpelo ridges

is less than 16 km, that b.eneath the Cocos and Carnegie ridges is

greater than 18 km. The apparent 3-km discrepancy in the depth to

the crust-mantle interface between the two smaller and the two larger

ridges is primarily an artifact of the infinite-slab approximation.
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The effect of this approximation is quite evident on the crustal sec-

tions where the departure between the mapped and modeled

Mohorovicic discontinuity is much more pronounced on the smaller

ridges. The maximum depths to the crust-mantle interface beneath

the Cocos and Carnegie ridges lie well seaward of their landward

ends, giving the slight suggestion of landward shoaling in conformance

with the observed iricreasirg free-air anomalies. The eastern end

of the Carnegie ridge is separatedfrom the continental margin by a

ridge in the Mohorovicic discontinuity, with a relief of over 1 km.

The depth to the Mohorovicic disc onfinuity is less than 9 km at

four locations, each east of the Panama fracture zone. The first
0 . 0location, at 3 30 S latitude, 82 30 W longitude, corresponds to a band

of abnormally thin crust between the major fracture zone at 1210 km

on Profile CC' and the Peru-Chile trench. The second location

corresponds to the deep region between the Malpelo andCarnegie

ridges. The third location, at 4°30'N latitude, 82°W longitude, cor-

responds to the 3600 km deep between the Coiba and Malpelo ridges.

The fourth location is an area, much larger than the other three,

representing the deep region surrounding the abnormally shallow

structures of the eastern basin and the area north of 3°N latitude in

which the free-air anomaly is predominantly greater than +20 mgal.

South and east of the Malpelo ridge, two of the sl-a1low areas

mentioned above are separated by a trough at about 80°30'W longitude.
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This trough and the associated inflections on the 10 km to 13 km con-

tours are the expressions of the Yaquina graben.

The Mohorovicic discontinuity underlying the western basin

is characterized by its smoothness and the fact that there are no

places where it is shallower than 9 km or deeper than 15 km. The

sinuous trough running from where the 14-km contour takes a sharp

bend at 1°N latitude, 87°W longitudeto the western termination of

the Malpelo ridge against the Panama fracture zone, corresponds

to the Galapagos spreading center and the various transform faults

that connect its broken segments. As in the case of the bathymetric

ridge, where this feature is crossed by Profile CC', it corresponds

to the fracture zone at 85°2O'W longitude.



SYNTHESIS AND CONCLUSIONS

The aseismic ridges, in addition to being the most obvious

structural features in the Panama Basin, are important in that a

knowledge of their structure is critical to an understanding of the

regional tectonic history. The results of van Andel etal. (1971a)

and leg 16 of the deep sea drilling project indicate a similarity of the

shallow structure of these ridges; a similarity in their deep structure

is suggested by the fact that their crustal thicknesses are identical,

within the accuracy of the computations. What their structure actually

is in cross section and how it changes along the trend of these ridges

is difficult to determine with the available data.

Figure 15 presents three possible structural cross sections of

the portion of Profile CC' (Figure 13) that spans the Carnegie ridge.

These sections account for the observed depth and free-air anomaly by

partial isostatic adjustment to thickening of layer 2, thickening of

layer 3, and emplacement of low-density upper mantle. In Figure

l5a, a 5-km thickening of layer 2 results in a depth to the

Mohorovicic discontinuity of 13 km. The scale at the top of this figure

corresponds to the scale of Figure 13. In Figure l5b, a 17-km depth

to the crust-mantle interface is caused by a 9-km thickening of layer

3. In Figure 15c, a 14. 5-km-thick lense of low-density upper-mantle

material results in a Mohorovicic discontinuity depth of 8 km or a
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depth of 22. 5 km to the interface between the low-density mantle and

the normal mantle below.

Deciding among these models is a difficult if not impossible

task, based on the existing information. The model depicting a

purely extrusive origin for the ridges (Figure 15a) is highly unlikely

in light of the blocky, horst-like appearance of the ridges and the fact

that known volcanic ridges are partially extrusive, exhibiting a

thickening of both layers 2 and 3. However, because of the proximity

of these ridges to the Galapagos Islands and their suggested origin

at the Galapagos hot spot, it seems probable that they are at least

partially volcanic. Therefore, the remaining two models are also

unlikely, although both are supported by existing models.

The model invoking a purely intrusive origin (Figure 15b)

is in agreement with a north-south crustal section across the

Hawaiian archipelago (Dehli.nger, 1969, Figure 9). This section

uses a thickening layer 3 to produce a Mohorovicic discontinuity depth

of 17.5 km, surprisingly close to the 17-km depth of Figure l5b.

However, across the Hawaiian ridge Dehlinger's sectionis not

constrained by seismic refraction control; therefore, it is no

more reliable than the section in Figure 15b.

The model employing a lense of low density upper mantle

(Figure 15c) is in close agreement with the crustal section of Bowin

(1973, Figure 7) across the Ninety East ridge, at 4°N latitude. The
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problem with this comparison is that the Ninety East ridge is clearly

not volcanic, whereas the Cocos and Carnegie ridges probably are.

Furthermore, the Ninety East ridge does not line up with the pro-

posed absoluteplate motion, although the Cocos and Carnegie ridges

I.

The structure of the aseismic ridges is probably a combination

of the above three models, but what the exact combination is remains

to be answered. The Hawaiian ridge sections of Shor (1960), Shor

and Pollard (1964), Furumoto etal. (1968), and Malahoff and

Woollard (1970) show a thickening of both layers 2 and 3, but the

Hawaiian ridge is clearly depositional and smooth in profile as

opposed to the blocky, fault-controlled shape of the Carnegie and

Cocos ridges. The Bowers ridge (Ludwig etal., 1971) is formed by

a combined thickening of both crustal layers and the emplacement of

a lense of low-density upper mantle, but its similarity with the Cocos

and Carnegie ridges is highly suspect. In short, there is no pub-

lished model that satisfactorily accounts for all of the characteristics

of these ridges.

The free-air anomaly associated with the Cocos and Carnegie

ridges varies from near zero close to the Galapagos pedestal to

greater than +40 mgal at their landward ends. Therefore, there

must be some mechanism acting to force the landward ends out of

isosttic equilibrium. Because both of these ridges appear to



terminate active trenches, the most likely mechanism to accomplish

this is local uplift caused by bending of the lithosphere in response to

subduction at the trenches. The bathymetry does not indicate shoal-

ing, although it is difficult to differentiate between depositional and

tectonic features. In spite of this difficulty, the computed depth to

the Mohorovicic discontinuity does suggest a shoaling mantle be-

neath these ridges.

With the exception of the aseismic ridges, perhaps the most

striking feature of the Panama basin is the large block bounded on

the north and east by the continental margin, on the west by the

Panama fracture zone, and on the south by 3°N latitude. Containing

the Coiba and Malpelo ridges, this block is characterized by its great

relief, its predominantly positive free-air gravity anomalies, and

its abnormally shallow depth to the Mohorovicic discontinuity.

Although the depth of the Coiba and Malpelo ridges is less than

1200 m, the depth of the surrounding area is predominantly greater

than 3000 m, reaching a maximum depth of 3600 m at the deepest

points in the entire survey area. Similarly, although the depth to

the Mohorovicic discontinuity is greater than 15 km beneath the

aseismic ridges, it is less than 8 km in the surrounding area and,

in fact, reaches a minimum of less than 7 km. In the survey area

there are no other locations at which the depth to the crust-mantle
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interface is less than 7 km, only one other location outside the

Panama Basin at which it is less than 8 1cm, and only two other

locations at which it is less than 9 km. It is, therefore, fair to

conclude that the Mohorovicic discontinuity beneath this block is

anomalously shallow or, alternatively, that the upper mantle has an

anamalously high density. Neither of these conclusions are consis-

tent with a young crust.

The filtered free-air gravity anomaly map provides the most

striking evidence for an east-west discontinuity at 3°N latitude.

North of this latitude, although there is a local minimum of less than

-20 mgal, the free-air gravity anomalies are predominantly greater

than +20 mgal. In fact, the greater than +60-mgal anomaly asso-

ciated with the Coiba ridge is the highest free-air anomaly in the

survey area.

These observations suggest that north of 3°N latitude the crust

is held out of isostatic equilibrium in an anomalously high position.

South of 3°N latitude, however, the crust is near isostatic equi-

librium as indicated by moderate free-air gravity anomalies ranging

only from -10 mgal to +20 mgal. Furthermore, whereas the northern

half o the eastern basin is characterized by its ruggedness, the

southern half is characterized by its smoothness.

The southern half of the basin is predominantly deeper than

3000 m, and it is underlain by a Mohorovicic discontinuity that
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reaches a minimum depth of less than 9 km. The only irregularity

in this otherwise monotonously smooth basin is the Yaquina graben,

which results in a slight shoaling of the computed Mohorovicic

disc ontinuity.

The western basin is also characterized by its smoothness and

moderate free-air gravity anomalies. The spreading centers and

fracture zones contained therein are for the most part characterized

by a lack of gravitational signature, a shoaling of the bottom, and

an apparent deepening of the Mohorovicic discontinuity, most

probably the reflection of underlying prisms of low-density upper

mantle. The only exception to the above generalization is the north-

em end of the Panama fracture zone between the Cocos and Coiba

ridges. Here, the fracture zone is expressed as a graben under

which the Mohorovicic discontinuity apparently shoals. An explana-

tion for this radical departure from normal is that the true charac-

ter of the fracture zone is simply masked by the adjacent ridges,

and the graben-like bathymetry is the result of differential uplift in

response to lithospheric subduction. The two aseismic ridges are

uplifted higher than the intervening crust because they are thicker

and more difficult to bend. This explanation is supported by the fact

that the magnitude and width of the positive free-air anomalies sea-

ward of the subduction zone is much greater for the ridges than it is

forthe intervening crust.
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The fracture zone at 85°Z0'W longitude appears to divide the

western basin into two distinct provinces. East of this fracture zone,

the basin is characterized by depths greater than 3000 m conforming

to the normal age-depth relation of Sciater etal. (1971) and apparent

mantle depths ranging from greater than 11 km at the Costa Rica

rift zone to less than 10 km on its far flanks. West of this fracture

zone, however, the basin is abnormally shallow and overlies an

abnormally deep Moho rovic ic disc ontinuity. Although the abnormal

depths of this western province can be explained by crustal thickening

caused by the proximity of the Cocos and Carnegie ridges, the reason

for the sharp discontinuity at 85°ZO1W longitude is unclear, as is the

relationship between it and the saddles in the Cocos and Carnegie

ridges, both of which also line up with the fracture zone at 85°20'W

longitude.

No existing theory satisfactorily explains all of the geological

and geophysical observations made in the Panama Basin and its

surroundings. However, most of the gross structural features dis-

cussed above can be explained, using the plate tectonic model of

Minster etal. (In press), by the relative motion of the Cocos, Nazca,

North American, and South American lithospheric plates and their

absolute motion with respect to the Galapagos hot spot.

In the context of this model, the Cocos and Carnegie ridges are

formed by the trajectory of the Cocos and Nazca plates over the



Galapagos hot spot. The observed free-air gravity anomalies dictate

that the ridges are compensated soon (less than 1 m. y.) afterforma-

tion, but forced out of isostatic equilibrium as they progress toward

their respective trenches by upbending in response to subduction.

The observed structure and tectonics of the western basin is

the direct result of north-south relative motion between the Cocos

and Nazca lithospheric plates and the northeast-southwest relative

motion between the Cocos and North American plates. Presumably,

in the past, these same relative plate motions were active in the

eastern basin. However, because the north-south component of the

relative motion between the Nazca and South American plates is

small, the Cocos -Nazca spreading center migrated northward at half

its spreading rate until, at some undetermined date, it was sub-

ducted at the eastward extension of the present Middle America

trench, thereby forming a stable triple junction (McKenzie and

Morgan, 1969) between the Cocos, Nazca, and North Americanpiates.

The history and geometry of this triple junction is analogous to the

triple junction at the eastern end of the Mendocino fracture zone

between the Farralon, Pacific, and North American plates (McKenzie

and Morgan, 1969). Based on the apparent anomalously thin crust

in the eastern basin, it seems likely that the formation of this triple

junction is not a recent event.
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The present structure and tectonics of the eastern basin are,

therefore, largely the result of the east-west relative motions be-

tween the Nazca plate and the two continental plates to the north and

west. Because the model of Minster et al. (In press) predicts that

in the Panama Basin the Nazca plate is moving approximately N80°E

at a rate of 8.4 cm/year relative to the South American plate, sub-

duction is occurring at the continental margin of South America.

Furthermore, since the relative motion between the North American

and South American plates is small, the relative motion between the

Nazca and North American plates must be accommodated by a left-

lateral fracture zone near the continental margir south of Panama.

The world seismicity map supports these conclusions about the

nature of the relative motion between the Nazca plate and the adjacent

continental plates. The presence of intermediate-focus earthquakes

under the South American continent indicates that subduction is oc-

curring at this margin. The reason for the comparatively low num-

ber of these earthquakes, between the equator and 4°N latitude, is the

slower convergence rate resulting from the lower angle (400) between

the direction of relative motion and the continental margin. In fact,

the component of relative motionparaflel to this margin is greater

than the convergence rate, suggesting a posàible cause for at least

some of the right-lateral shear apparent on the Guayaquil-Dolores

megashears (Case etal., 1971) and the northeast-trending fractures



in sea floor (van A.ndèl etal., 1971a). The presence of shallow-focus

earthquakes and the relative absence of intermediate-focus earth-

quakes along the continental margin south of Panama is consistent

with the proposed strike-slip motion between the Nazca and North

American plates.

Unfortunately, there are no published focal mechanisms for

the earthquake epicenters associated with the boundary of the North

American plate. However, the two focal mechanisms of Molnar and

Sykes (1969) along the boundary of the South American plate are

consistent with underthrusting.

As shown by Frank (1968), the only way a spherical shell can

be bent inward without changing its surface area is by reversal of

curvature, thereby resulting in a spherical depression whose trace

on the spherical shell is a small circle. This and the world-wide

preponderance of convex subduction zones suggest a possible explana-

tion for the striking discontinuity at 3°N latitude in the structure of

the eastern basin. South of 3°N latitude the continental margia is

convex. Therefore, the Nazca plate is subducted with little or no

secondary deformation, causing its bottom to be smooth and its

associated free-air anomaly to be moderate. North of 3°N latitude,

however, the continental margin is sharply concave, forcing the

subducting lithosphere into a situation in which its surface area

cannot be corserved. Therefore, the crust is subjected to a great
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deal of compression and uplift prior to subduction, and after sub-

ductiori it is subjected to tension. The presubduction compression

and uplift could be great enough to account for the observed relief

and lack of isostatic equilibrium in the northern half of the eastern

basin. Similarly, the apparent east-west discontinuity at 6°N lati-

tude in the epicenters of the intermediate-focus earthquakes is

caused by a tension-induced tear in the subducted plate.

Although the above model for the structure and tectonics of the

Panama Basin provides a plausible explanation for most of the major

features, it does not explain the existence of the Yaquina graben or

the apparent similarity in the sediment cover, relief, and age of the

aseismic ridges. A detailed investigation of the magnetic anomalies

in the eastern basin and a seismic refraction survey of the aseismic

ridges would go a long way toward resolving these observations.
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APPENDIX I

DATA FLOW AND COMPUTER PROGRAM DOCUMENTATION

Included here is a diagram illustrating the flow of data (Figure

16), a discussion of the individual data files and listings, and a docu-

nientation and listing of the computer programs.

In the data flow diagram, the following notation is used:

>.- Step in data flow that is executed only once.

Step in data flow that is executed twice: once for
bathymetry, and once for free-air gravity anomaly.

Step in data flow that is executed three times: once
for free-air gravity anomaly, once for magnetic
anomaly, and once for bathymetry.

1 1

BCD card-image file.

QBinary file.

Both of the binary files are stored on magnetic tape, and the

tape numbers are given in parentheses. In all files except BFILE 1,

free-air gravity anomaly is expressed in tenths of milligals, depth

and thicknesses are expressed in meters, and latitude and longitude

are expressed in degrees and minutes, according to the unconventional

left-handed coordinate system in which north and west are positive.



PROFILE

PROFILES

'I TALWANI

CRUSTAL AND
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SECTIONS-
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DATA FLOW
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TRACE ONE
ONTO
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\OTHER

LOCATION MAP
FOR GRAVITY
DATA

Figure 16. Diagram illustrating the flow of data.
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Figure 16. Continued.
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Figure 16. Continued.



The starred programs shown on the flow diagram are:

*PROFILE: Profiles input data.

*TRACKLINE: Plots tracklines on a mercator chart.

Both of the above programs accept data in NGDC binary
format. The programs and format are documented by
Gemperle etal. (In prep.).

*EPICNTR: Plots the location of single points on a mercator
chart.

*LABEL8: Plots the location as well as the value of single data
points on a mercator chart.

Both of the above programs accept data in BCD card-
image form. Theformeris documented by Gemperle and
Keeling (1970), and the latter, by Gemperle etal. (In
prep.).

*TALWANI: Computes gravitational attraction of a two-dimen-
sional model. The program is documented by
Couch (1969), but the technique on which the
program is based is described by Taiwani, etal.
(1959).

All other programs and subroutines are documented and listed herein.

For each of these programs, the input file is on logical unit 1, the

output file is on logical unit 2, and the listing, if any, is made on

logical unit 10.



Data Files and Listings

BFILEI: (MT9105), Surface-ship geophysical data in NGDC binary
format. In this format the unit of latitude and longitude
is the decimal degree divided by 1O4, and the sign conven-
tion is north and east positive.

BFILEZ: (MT9902), Gridded free-air gravity anomaly, magnetic
anomaly, and bathymetry. Each of these three types of
data is represented by 64 by 56 N and D arrays computed
from a 15' by 15' grid.

DFILEI: Pendulum station data. Filed in format (2(15,F5. 1),
2(6X,F6.0)), each record consists of latitude, longitude,
free-airgravity anomaly, and depth.

DFILEZ: Filtered data (bathymetry or free-air gravity anomaly).
Filed in format (2(15, F5. 1), F8. 0), each record consists
of latitude, longitude, and filtered value.

DFILE3: Gridded free-air gravity anomaly and bathymetry data.
Filed in format (2110, 14, F8. 0, 4X, F8. 0) and representing
one grid square in which there is at least one value of both
free-air anomaly and depth, each record consists of J
index, K index, number offree-air anomaly values,
average free-air gravity anomaly, and average depth.

DFILE4: Same as DFILE3 with sediment thickness appended to each
record. The formatfor this file is (2110, 14, F8. 0, 4X,
F8. 0,F7. 0).

DFILE5: Filtered depth to mantle. Each record consists of lati-
tude, longitude, and filtered depth to mantle filed in
format (2(15,F5.1),F8.0).

DFILE6: Same as DFILEI with sediment thickness appended to each
record. The format for this file is (2(15, F5. 1), 2(6X,
F6. 0), 3X, F4. 0).

DFILE7: Depth to mantle computed from pendulum data. Each
record consists of latitude, longitude, and depth to
mantle filed in format (2(15, F5, 1), F8. 0).



LISTING1: Multi-paged listing of N and D arrays followed by the
average, standard deviation, minimum, and maximum of
the input data values.

LISTINGZ: Listing of depths and thicknesses computed from gridded
data. Listed in format (2110, 14, 7F8. 0) and representing
one grid square, each record consists of J index, K index,
number of free-air gravity anomaly values, average free-
air gravity anomaly, average depth, sediment thickness,
transition layer thickness, oceanic layer thickness,
crustal thickness, and depth to mantle.

LISTING3: Listing of depths and thicknesses computed from pendulum
data. Listed in format (2(15, F5, 1), 4X, 7F8. 0), each
recordconsists of latitude, longitude, free-air gravity
anomaly, depth, sediment thickness, transition layer
thickness, oceanic layer thickness, c rustal thickness,
and depth to mantle.



SU30UTINL FILTIJMTA
44444+44+4444+444444+

C FO1 TJ MAinICLS ScN1I(, Tr1.. Jii OF AU AiL)
C Tth.. AvAt ALUL IN LACh uA CF A IML
C SLh3RUUT1c. FLLTOATA C'1PUT.. ANJ uUTPUi Lit.
C FOLLL)PUlG PA LTE.r1 LAiITLhit., LU1 ITUOL., ANU
C FILTR) DuTA IALUt. 1r. FlLTLD Ar<.. _1.hI_i
C 3Y uIEr4uiN(, LLL I ..ui UM)UO 1M U

C OF . AUJAL.Nr Sj1Pi.. Lr<IU U,'4i M U TH ijrfr..jhJJ.NL
C UGu1j PL)1TUtS S,j O'JU Trn..
C FOL3WI'h, CAStS:
C

C01MUN N(à,o),J(c'.,,j)
lUu FuMAT (2(l',Ft.l),Fd,U)

00 luO Jl,b3
00 IJO K=i,
iF (( J, <41) .. 0 NU. t'( ifl, K.) .iL. 0) 0 To 1 u
IF(N(J,K)..Q.ü) &0 TO 100
IF(N(J#i,K+1).rQ.u) t,tj TO ?U

C #44444+444+444444.444444444444444444#4+4+44#4#444+4+4f
C Cu.t 1 -- . I LA) y411 Olu UUU j PL_ 1)
C SQU<LS A. IN lrJ Trlç.
C ASIfNLJJ PUSITiuN 1 IHL CLN1.r. OF Th,
C LOIPLjUNJ UUArL.
C 4*#4#4444*44444444#4444444+44444444##4#####444#34#*4444

lJ DU(J,K)4N(J,K)#J(Jf1,K1j)4N(J#..,t\#l)
.OU+J(J+l ,K4N(Ji-1,,\ fU(J,tS+X)4N(J,K4-l)
SN=N(J,K)#N(Jsj,Kfl)+N(i,Kfj)+(j+1,K)
TLUNG=92.J43.25
LAT-1+.+K4Q.

C

Go 10 J
2U IF(N(J,K#1) ..0.u) ,U 10 +u

£F(J.L0l) Go TO 30
1F(N(Jl,K).L.0.Or.t1(Jl,K#l)...U) .,u TL

C

C LASL 2 -- LP.0 U u.c.S J,< J J,Kfi. Arc... l\ONLMTY 001
C .J-1 ,< 4NU ii. ,Ktl. A ..MPIY 1hI TL.
C IGNLO PJITIu Tnt- PUINI AY _-..

C I nt- Ct-Tt-' oF 1ti IuU NUNt-Mni
C 4+ 4 44444444.444444 44444444.444444444444.44.44.444

30 JO(J,<)t'1 (J,K+D(J,Kfl)4N(J,K#1)
NN( J, K) +N to, K#l)

T..AT='..+c4U, 2o
C

1,1.) 13 bU
3 IF(N(J#1.,K)...0.0) U TO IJO

IF(K.c.Q.1) TO Q

IF(N(J,K-1).NL.U.urc.r(J1-1,Kl).'_.Lè .o iL l0
C
C CSc. 3 -- .,n.iu i,r J+I,K A... -3131

C 0 ,K1 ANO 01 ,K1 Art.. .ffl-TY it HI LA..L TH.
C Puj.1i0N iS Inc. iOVU
C TH 0LILk oF il-L io iuNMPJ
C



8Z
50 SLJ=U(J,<i4N(J,K)+J(J1, K)4N(J1,s<)

SNN(J,<)+N(J+1,K)

TLAT=-4,+KJ. 2,U. 12t'
C

60 FILOSU/SN
LON(, IL ONI.,

JMLoNcrLo.uft.,)4bL.
LATTLT

PiTL(2,lQ0O) LAT,Ur1LA1,LUNL,,U'4b,tlLU
C

C CA '+ -- O1A FITS uF iI-L. AbuJ iHr<i çA.S. U
C ThI. UAL Tt f..LIL.J VA.J N..iI
C

tOO CONTINU.
r1 Ur.N

PUC,rAM FILT,RiD
C
C INU1S 3I,MFY N 4NJ ii r$ '.LL 'JTj. 'L.

C FlLT3AT TJ LUMPUTL FILTLt.J 1YM..T< U iiLI_'J
C (I1TY ANJ1LY,
C

COMMON 64,5,J(C+,5)
t3UFFj £'1 (1,)

IN (1,1) (J,J(t+,b))
LMLL FJ..TD.TA
REWIND 1

NJ

$
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RO(AM FILTHICK

C
C COMPUTES THIKNS OF CRUSTAL LSYERS, TOTAL 1HICKNISS OF
C CRUST, AND JPTH TO MAiTLE FUR GR100ED DATA. FORMS N
C ARRAY OF THE NUMBER OF FR-AI1< GRAVITY ANOMALY VALUES
C IN t.ACH RIO SQUARE AND 0 ARRAY OF THE CORRESPONDING
C COMPUTED DEPTH TO MANTLE. CALLS SUB.OUTl$E FiLTOATM TO
C COMPUTE FILT.REU DEPTH TO MANTLE.
C

COMMON 1(64+,Ô),O(b.+,o)
1030 FORMAT (2I10,If.,F8.0,X,F8.0,F7.0)
1001 FORMAT (2I10,1'.,F8.fl,tF8,0)

C
C INPUT PARAMcTERS FOR COMPUTATION OF LAYER 1HioKNS AND
C DEPTH TJ MANTLE SET BY THE FOLLOWING 10 STATEM.NTS.
C

R11. 03
R2=2. 0
R32.t

k5J.2
0R53R5-R3
UR,+= R'-R's
A=10351..5417
32.3b50583L+1
RT.3R31100.

C

10 REAO(1,1000) IX,IY,NG,o,T1,T2
C *+4 *4*4 +#4+*
C COMPUTATION UF LAYER Tr1iCKNSS AND OPTH TO MANTE IS
C EFFECTEL) BY TNt. FOLLOWING 1 STATc.M.NTS.
C

IF(EOF(1)) GO TO luD
RT2R1TlR2T2

ST2=T if 12
TM2=A-BG-SRT2
TESTTMZ-R5 T2
IF(TST.LT.0) U TO 10
ST3ST2fllUO.
TM=TM2fRT3
TTTM3-R5ST3
IF(TEST.GT.u) GO TO 20
T=(TM2-R34ST2)/0k53
CT=T-T1
T 0

T3T-ST 2
GO TO 30

20 T=(TM3-tST3)/DR3
TT-Ti

T'+=T-ST3
13=1100.

C
0 WRiT.(10,10O1) IX,IY,,G,(l,Tk,T3,T+,LT,1

D(IX, LY) T

N(IX, IY)NO
GO TO 13

100 GALL FITDATA
END



C

C

C

C
C

C

C
C

C
C

C

C

C

C

C
C

C

C
C

C

C

C
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PORAM ,iIUOATA

L)IV13.S CTAN(ULAK M'/ i'iiU SQUAk M40 AiG S
TO EACH oF THSE QUARS tWu INUit Cui-UTO FRJ1
LUN,ITUJE NJ LATITUOL,, ULIGNMTLU J AJ K, i.NU
LONSLCUTVLY FROl THE SW QF THi trs1O. $CAhS
INPUT FILE ANO COt'1PUT T0 MtAYS8 N(J,K), AN INTLG.t
ArAY OF r,-. NUMR OF LJMTM VALULS, Nu CJ(J,K), M tL
AkPLAY OF THc u<At,. OATA V.JL IN C.CH L,t.lO SCUu
LUMPuT TH MrAG, STANL1t<J ii/1ATiUN, M.j.NJrlUIi, AL
MAXIMUM F THE INPUT LATU i/ALUc..

DIMENSION
100 F MT(0N1IN A0L iCuiU */,2OA')
110 FU1AT(IriU,?2Ib)
111. FURMAT(IH ,Fb.3)
11 F0KM4T( MAa VALUE
113 FuMAT( STANDARD JrV1AT1ON ,F6,1)
ii'. FuRMAT( 1INUMUM VALUE = ,Fb.U)
115 FO.t1AT( MAXIMUM VALUE = ,F6.Q)
11f FOi(11AT(1d1
11? FUk1AT( NU(1. OF VALUL#1

TNt FOLLUWIN&, 5 STAT Ak.. TNt. PJPUT PA<4e1LTrcS FO
i 1O LONSTkUCT.O IN Tv-it. MIA F.OM 7 W TO ?W A

FRurl TO iON.

ULAT+OU 00
ULUN?UUU U
ULAT ii) JJt0
Ut.UN7oU0u U
DL2S0O +44*44+4+4
OMIN.UJuO0
UMAX-1 30000

10 UFFk IN (i,u) (IH,IHD(?01)
IF(LUF(1)) t,) TO Q

RiTE(b1,1Ub) ((1),1=1,1o)
20 3UFFt.k IN (1,1) (1UATA,iUATA(,1L(j))

IF(LUF(1)) (,O TO 10
IILt.NGTtIF( 1) /1
30 30 11,II
PLAT=IoArA( ., I)
P...UNI04TA( 5,1)
PVAL=IiJ.TA(i0,I)

NOT1.E THAT IHL UUANT1TY sio LY Th L.uv [AiMLr41
10 THE IM1UdLE h/AL i. U..T 1j..0 Br' frsc FULLL#t41
CONVfT LON*

ID.iA( 10,1) =DLPTW
IUA1A(13,I)=MAGrETIL AUMMLY
IQMfA(1.,1)FktAIr udiT AL.JtIALY

IF(PVAL.EQ.100000) (.;u TO ,fl

IF(PLAT.LT.ULAT.UR,PLu1....ULAT1 bu T 30
1f(PLON.LT.ULL)4..PLL.L,t.ULUr',J ,u TO 3L
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IX(PLW'1-QL0c4)/O.L+1.
IY (PLAT-JLi)/0.Lf1
tJATA(IX,IY)=L)4tA(IX,IY)+PIAL
NUAT(IX,1Y)=NJATA(iX,IY)1
TuATT JATA 4P lAL
tSDATA ISDA T IP /AL44 2

S0ATA=S0UA +1
iF(PIAL.tT. O1X) OMAX=PAL
IF(PVAL.L1.OMIN) JMINPVAt.

30 CotrINu.
GO TO 2J

5u 00
Du 60 K1,56

60 DATMLJ, <
BUFFt.R OUT (2,1) (NOM1A,tJATA(,t))
UFFR JUT (2,.)

L.NOFILL 2
WcjTc(1J,i1bJ
00 ól Kc1,o
RLTi(1J,1LO) (NJATA(J,K) ,J=i,a2)

61 WR1T.(1J,111) (0ATA(J,K),J1,2)
WLTZ (13,116)
DO b2 Kt,5c
WIT(1J,1t0) (NUATA(J,K),Js,(+L)

o2 WRZTc (13,i11) (OMTA(J,),=,)
WTE(1],11b)
DO 63 K1,5o
Wr'IT..(1Q,110) (NJATA(J,K),J.,,oi+)

o3 WRjTc(jJ,jjj) (OA1M(J,KJ,J'e,t.)
WRITE (13, 116)

TtJATA/sO MT A

RIT(1),112) A
WRIL(13,113) SQV
WR1T...(1J,1J.4) OMIN
WRITc(13,i15) DrIAX
WRITL(iJ,117) SOATA
LN 0



PROGAM LISTGRIO
C

C OPAT GIflJ DAT FROM BINARY ARRAYS TO A CO

C IA FILL.
C

OIJION 1+,,G(E+,6),NO(E4,56),O(6'4,56)
1flO ORT(2I1C

uFFL: Ih (1,1) NG,c,56))
t' (1,1 (G,., (f

CtLL } F (1)

flLL SLF(1)
I' (1,1) (NO, NEt fL+,5à)

JFF: N (1,1) ,'(M ,5o)
n 1

T 1 i,5
uC 1 J1,4
TF(N1(J,K).Li).C,CR.INC(J,K).CE.C) GO TO 10
2jT (?,1)1fl) J,K,NG(J,K) ,G(J,K) ,O(J,K)

in CC:TI.tJ



C

C

C

C
C

C

C

C

C
C
C

C
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PROGrAM THICKUMP

OMPUTL3 T1ICKNsS OF CUS1L iJTL ThW<rL5
OF CRUS(, NJ DEPTH fU £1AITLt. FO t.UuLUM oiI 1U LA

1000 F MT(2(1 ,F,,1) ,2(6X,Fb.U)
luOl FUMAT(2(it,F.fl ,tX,Fo.C,bFö.)
10O FlT(2(1,,F.l),FS.C)

INPUT PAA 1r FUr< LJMPUT4T1O OF LI4YLI\ THIC( ANJ
DPTH TJ ScJ BY FULLUING 10 TL1._Nt'.

03
<2=2.6
r32. 6
'.2. 9

r(3. 28
ORE3= t'5-3

= 1054. 3L41 7
32.3B0b3+1
TJ3i100.

10 RtAU(1,1000) LAi,UMLA1,LUIs,,1UNG,G,Ti,12

J1PUTATIO' OF 1HIeKN. NU LPUti O NAhL:: L?
FFLC1L 3 tY TH FOLOWiN( 1 S1M1MtN1.

£F(.uF(1)) Go 10100
SRt2=k14T1 R2412
ST a=r 1+ 12
TM2M-,+ <1 2
TSTM2- T2
IF(TT..T.J) uu To LU
S13S1f110U.
TM3=TM2sTJ
T.ST=TM3- ST..3
IF(ftS1.t,T.0) i3O TO 20
1= (TM2-.3T2) /Dr<5i
CTf-T1
T4=0
T3=T-ST 2
GO 10 3J

0 T(T13-T3)/OR5+
c r= i-ri.

I 'T-ST 3
T3 1100.

3 WiTE(1J,1Q01) ,T
Wk.TL(2,1002) LAI ,L,ILAT ,LoN,JLuN6,r
GO To 1

100 c.N[)



APPENDIX II

GENERAL DISCUSSION AND DERIVATION OF A
50-KM STANDARD SECTION

The observed free-air gravity anomaly C is related to the

gravitational attraction of a crustal model AC by the following equa-

tion: GAC-AT, where AT is the attraction of a theoretical model

occupying the same space as the computed crustal model and above

which the free-air anomaly is zero. If there are no lateral inhomo-

genieties below the base of the model, then isostatic equilibrium

prevails at this depth. Consequently, the theoretical model is called

a standard section.

Table 2 presents some of the more common standard sections

found in the geophysical literature.

From a comparison of 6 sea stations and 7 land stations at

which there were both seismic and gravity data, Worzel and Shurbet

(1955) derived standard sections for oceanic and continental crusts.

By constraining these two sections to be in isostatic equilibrium (in

the sense of equal mass per unit area) at the base of the continental

crust (33 km), they computed a mantle density of 3. 27 g/cm3. Notice

that the tabulated 0.085 x 10 -g/cm2 discrepancy in the computed

mass per unit area at 33 km between the oceanic and continental

sections is insignificant relative to a 0. 01 -g/cm3 change in mantle

dens ity.



Table: 2. Star dard section oomparis on.

Source Worzel & Worzel & Talwarui, Worzel Worzel
Shurbet Shurbet et al. (1965) (1965)

(1955) (1955) (1959b)
A B A B

Couch
(1969) Computed

Water T 5.00 4.90 3.70
Layer D 1.03 1.03 1.03
Sediment T 1.00 0.70 0.50
Layer D 2.30 2.30 2.15
Transition T 1.70 0.80
Layer D 2.55 2.74
Oceanic T 4.50 33.00 32.00 4.20 33.00 5.00
Layera D 2.84 2.84 2.87 2. 90 2.90 3.00
Mantle T* 10.50 33.00 32.00 11.50 33.00 10.00
Layer D 3.27 3.27 3.40 3.40 3.40 3.30
Mass per unit
area at a
depth of

20km 51.30 56.80 57.40 52.07 58.00 55.08
30 km 84.00 85.20 86. 10 86.07 87.00 88.08
32 km 90.54 90.88 91.84 92. 87 92.80 94.68
33km 93.80 93.72 95.24 96.27 95.70 97.98
40km 116.70 116.61 119.04 120.07 119.50 121.08
50 km 149.40 149.31 153.04 154.07 153.50 154.08

T thickness in km
= depth to Moho in km

D = density in g/cm3
aoceanjc layer also designates crustal layer when only one layer is given

4.05
1.03
0.46
2.00
1.10
2.60
4.00
2.90
9.61
3.32

54. 05
87. 25
93. 89
97. 21

120.45
153.65



The standard section of Taiwani etal. (1959b) is based on

seismic refraction data in the area of the Puerto Rico Trench. The

depth of this section is 32 km, in order to clear the root beneath

Puerto Rico.

Worzel (1965) averaged all available seismic refraction data to

get a marine crustal section and mean mantle density of 3. 40 g/cm3.

Although he stated that this column is in isostatic balance with a sea-

level column 33 km thick and with a mean density of 2. 90 g/cm3,

a 0.572 x 10 g/cm2-discrepancy in the mass per unit area at 33 km

between the respective mass:columns indicates that the sea-level

continental column must have a mean density of 2. 92 rather than 2. 90.

The standard section presented by Couch (1969) is constrained

to be in isostatic balance at 50 km with the oceanic section of Worzel

(1965).

The historical basis for the use of standard sections in the con-

struction of crustal models begins with the assumption that lateral

density changes do not occur below a relatively shallow depth.

Referred to hereafter as the homogeneous mantle hypothesis, this

assumption is based primarily on early isostatic computations

(Vening Meinesz, 1948) and observations of earthquake seismology.

At first, it was thought that lateral inhomogenieties existed

only in the crust, implying that even the upper mantle is laterally

homogeneous. In fact, with one exception, all the crustal sections
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presented by Worzel (1965) are constructed based on this premise.

A.n increasing body of marine seismic refraction data (Raitt, 1956;

Ewing and Ewing, 1959; LePichon etal. , 1965), however, confirmed.

the existence of low-velocity mantle arrivals under ridge crests and

forced geophysicists to admit lateral variations of upper mantle

density in their crustal sections. For example, using the standard

section of Talwani etal. (l959b) extended to a depth of 40 km,

Taiwani etal. (1965) constructed 3 crustal sections of the Mid

Atlantic Ridge, each showing a prism of low-density upper mantle

material, penetrating to a depth of less than 40 km immediately be-

neath the ridge crest and extending laterally 1000 km from the ridge

axis below a thickening wedge of normal mantle.

As a consequence of the homogeneous mantle hypothesis, it is

obviously essential (Talwani, 1964) that all standard sections chosen

everywhere have the same total mass to a fixed depth. The fact that

the standard sections compared in Table 2 do not agree in this respect

unless constrained to do so at any of the common depths for termin-

ating crustal models casts doubts on the validity of this hypothesis,

at least in reference to depths as shallow as those for which it has

been applied.

Other evidence which contradict the hypothesis are: petrologic

models such as those discussed by Forsyth and Press (1971)
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demonstrating lateral variations in density throughout a 70- to 100-

km-thick lithosphere, studies of the petrological-physical properties

of the upper mantle (Clark and Ringwood, 1964) resulting in the con-

clusion that isostatic compensation is not complete until 400 km,

comparison of recent seismic models (Green and Hales, 1968;

Archambeau etal.,, 1969; Johnson, 1967; Lewis and Meyer, 1968; and

Anderson, 1967) implying lateral differences of P velocity extending

possibly to depths of 400 km and more, and isostatic calculations for

the U. S. made by Lewis and Dorman (1970) indicating that lateral

density changes take place to a depth of at least 400 km- -a rough

limit imposed by the long-wavelength resolution of the data.

In light of the quality and diversification of the above evidence,

it must be concluded that the homogeneous mantle hypothesis be dis-

carded, and the basic premise of standard section equivalence ex-

pressed by Talwani (1964) be amended to take into account deep-

seated lateral changes in density. One way to account for these

changes is to replace standard sections by a theoretical crustal model

whose structure varies with geographic position or crustal age, as

suggested by the two-dimensionality of petrologic models and the

success of an empirical relationship between age and depth (Sciater

etal., 1971). However, until a suitable theoretical model is adopted,

standard sections remain a necessity in crustal modeling. Therefore,

standard sections themselves must be functions of position or age,
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and lateral changes in density beneath computed crustal models must

be taken into account or assumed insignificant.

Examples of arguments supporting the assumption of ins ig nifi -

cant lateral changes in density at depth are as follows: 1) Taiwani

etal. (1965) ruled outsignificant lateral changes indensity below 40

km based on steep gradients in the bouguer anomaly. 2) Couch (1969)

argued for the lack of significant lateral changes in density below 50

km based on the wavelength of the observed anomalies and extra-

gravirnetric evidence.

For the Panama Basin, it is tempting to usethe standard sec-

tion of Worzel (1965), because it is based on all available seismic

refraction data from several ocean basins and is, therefore, closer

to a world average section than any of the other sections which have

been used. However, as discussed above, it is felt that a better

section could be derived based on an average of all seismic refrac-

tion data in a patch of normal oceanic crust as near as possible both

in space and in time to the study area. Of course, the best possible

patch of crust for this purpose is the Panama Basin itself. lJnfor-

tunately, however, the absence of seismic refraction data rules out

this choice.

As indicated by marine seismic refraction data, the oceanic

mantle appears, to a first approximation at least, to be made up of

an anomalous zone of low density upper mantle within 250 km of



active spreading centers and a roughly constant normal mantle else-

where. Furthermore, according to published petrologic models, the

most rapid changes in mantle density also occur in this area. There-

fore, seismic refraction stations within 250 km of active ridges

should not be used for the determination of standard sections.

The above conclusion rules out the next obvious choice for a

crusta]. patch, namely, an area roughly the same age as the Panama

Basin, because a statistically significant number of seismic refrac-

tion stations have not been located in that small region of oceanic

crust younger than 10 m. y. but farther than 250 km from active

spreading centers.

The third and final choice for a crustal patch is an area near

the Panama Basin, but in older oceanic crust. The area chosen for

this purpose is depicted in Figure 17 along with the seismic ref rac-

tion stations located therein. This particular area is selected due to

its lack of geologic complexity, its relatively high density of seismic

refraction data, and its proximity to the Panama Basin. Although its

northern and southern boundaries are completely arbitrary, its

eastern boundary is chosen at anomaly 4 (17 m. y.) to exclude all

those stations in the zone of anomalous mantle while including the

youngest stations possible in normal crust, and its western boundary

is chosen at anomaly 17 (43 m. y.) to include a significant number of
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seismic stations while corresponding to an age which makes the aver-

age age of the crustal patch 25 m. y.

Table 3 presents the tabulated and averaged mass columns

derived from the eleven seismic refraction stations shown in Figure

17. Velocities wereconverted to densities with the Ludwig, Nafe,

and Drake (1970) curves. Notice that for no apparent geologic reason,

the mantle velocity and, hence, the computed attraction of the mass

column for station DW4 is significantly greater than that of the other

stations (Figure 18). Therefore, this station is rejected, and a new

average mass column is computed and tabulated based on the 10 re-

maining stations. It might also be argued, based on the geologic

hypothesis of a preexisting spreading center (Herron, 1972) on or

near which stations DW38 and DW39 lie, that these stations should

also be omitted from the final average because they might not repre-

sent normal mantle. However, both their mantle velocity and attrac-

tion fall well within the range determined by the other stations.

Hence, they are preserved while station DW4 is discarded.

The standard section is derived on the basis of the following

three criterion, listed in order of priority: 1) The attraction of the

standard section must be as close as possible to 6442.1, the average

attraction of the 10 seismically derived sections. Notice that due to

roundoff errors there is a 5. 3-mgal difference between this number



Table 3. Computation of 50-km standard section

Station C18 C19 C20 C23 C24 C25 DW2 DW4 DW37 DW38 DW39 (1) (2) (3)

Water T 4. 19 4.07 3.58 4.33 4.46 4.26 4. 50 4. 49 4. 35 3. 82 4. 14 4.20 4. 17 4.05
Layer V 1.500 1.499 1.496 1.500 1.501 1.499 1.502 1.502 1.501 1.498 1.499

D 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1.03 1,03 1.03 1.03 1.03 1.03

Sediment T 0.20 0.22 0.27 0.34 0.38 0.53 0.51 0.39 0.19 0.55 0.37 0.36 0.36 0.46
Layer V 2. 15 2. 15 2. iS 2. 15 2. 15 2. 15 2. 15 2. 15 2. 15 2. 15 2. 15

D 1.98 1.98 1.98 1.98 1.98 1.98 1.98 1.98 1.98 1.98 1.98 1.98 1.98 2.0
Transition T 1.59 0.81 0.73 1.20 1.18 0.66 1.42 0.70 1.23 1.14 0.97 1.06 1,09 1.10
Layer V 5.04 5.22 5.09 6.02 4.92 5.78 5.75 5.91 5.62 4.75 4.88

D 2.53 2.57 2.54 2.70 2.52 2.66 2.65 2.68 2.63 2.44 2.51 2.58 2.58 2.6

Oceanic T 4.57 4.60 4.24 3.31 4.03 4.19 5.31 5.52 2.54 3.38 3.86 4.14 4.00 4.00
Layer V 6.91 6.69 6.48 6.90 6.84 6.90 7.05 6.91 7.10 7.07 6.91

D 2.92 2.85 2.81 2.92 2.89 2.92 2.96 2.92 2.98 2.97 2.92 2.91 2.91 2.9

Mantle T 10.55 9.70 8.82 9.18 10.05 9.64 11.74 11.10 8,31 8.89 9.34 9,76 9.62 9.61
Layer V 8.14 8.00 8.12 8.30 8.21 8.16 8.28 8.88 8.38 8.31 8.06

D 3.31 3.24 3.29 3.36 3.33 3.32 3.35 3.58 3.40 3.37 3.26 3.35 3.32 3.32

Attraction 6400.61 6305.56 6434.76 6506.90 6414.94 6432.66 6427.36 6819.68 6599.70 6556.84 6341.74 6476.4 6442.1 6442.0
(6483. 1 )(6436. 8)

T = thickness in km (1) Section computed by averaging all 11 seismic refraction stations. Tabulated attraction is the
V = velocity of sound in km/sec average of the 11 stations; parenthetic attraction is the attraction of the average section.
D = density in g/cm3 (2) Section computed by all but station DW4.
Attraction = gravitational attraction in (3) Standard section obtained by adjusting Section (2) so that its attraction is nearly equal to the

rnilligals of 50-km section, tabulated average.
computed with infinite-slab
approximation
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and the attraction of the average section. 2) With the exception of

the mantle and water layers the densities are rounded off to the

nearest tenth. 3) The thickness of the various layers should be close

to those of the average section, but remain as simple as possible.

This criterion was used to justify the 0. l-rngal difference between

the attractions of the standard and averaged sections. The resulting

section is shown both in tables 2 and 3.




