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Abstract approved:

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 50 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 km 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



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 zéro 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°20'W léngitude 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 pf the inflection in the
shape of the continental margin at 3°N latitude.on the eastward sub-

duction 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 South
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 graben, 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 et al., 1971a)
conducted a survey of the entire Panama Basin in an effort to resolve
its regional tectonics. The National Oceanic and Atmospheric Admin-
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 (Molnar and Sykes, 1969)
with the Galapagos rift zone, the active center of sea—floof 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.



PREVIOUS WORK

Physiography, Structure, and Tectonics

Figure ]l showsthe major physiographic and tectonic features of
the Panama Basin. The detailed discussion of these features by van
Andel et al. (1971a) 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-south-
trending Panamafracture 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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east. As indicated by magnetic anomalies (Grim, 1970b), earth-
quake epicenters (Molnar and Sykes, 1969), and bathymetry (Sclater
et al., 1971), this area is undergoing sea-floor spreading at the crest
of the Galapagos rift zone. ILocated 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 nmto-3600 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 Yaquina
graben is one of the most striking features of the eastern basin.
Between 2°N and 4°N latitude, thegraben 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 et al., 1968).
Therefore, in terms of sea-floor 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 lineations near the magnetic equator. From the
triple junction, at 2°11'N latitude, 102°10'W longitude (Hey et al.,
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, 131°W longitude (Hey et al., 1972) and partially



because of the scatter in the data. Because van Andel et al. (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), Sclater and Klitgord (1973), and Minster

et al. (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 et al. (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 et al. (1971a) 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 et al., 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 et al. (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 et al. (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
Complexity of Structure and Bathymetry

The Panama Basin is a structurally complex region of the sea
floor. Ina 14° by 16° area from 4°S to 10°N latitude and from 76" W
to 920W 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. 1/2o by 2 1/2o area from 4. 5°N to 7°N latitude and from 81. 5°
W to 84°W longitude. However, the major part of the basin is covered
only by the OSU 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 com-

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

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
10°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' éampled
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+1, K)N(J+ 1,K)+D(J, K+1)N(J,K+1)+D(J+1 ,K+1)N(J+1, K1)
N(J, K)+N(J+1, K)+N(J, K+1)+N(J+1, K+1) .

It is im‘porta‘nt 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 l -- (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+l 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+l, 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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(A) EMPTY I5' GRID SQUARE
J, K+ 1 [UH, K+
Z NON-EMPTY 15'GRID SQUARE
K ALK ® POSITION ASSIGNED TO THE
FILTERED VALUE
(B)
P

€ (D)

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) Ccordinate
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 appear in 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 1° 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
28 because the grid origin is at 4°S latitude and 920W longitude. The
array elements corresponding to empty grid squares [i. e. grid
squares for which N(J, K)=0] 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
l1-mgal and 2-mgal values are located accordingto case 1, the 4-
mgal value is located according to case 2, and the -5-mgal value is

located.according to case 3.
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$ = ~ m N(26,25)=2 N(27,25)=3 N(28,25)=2

(B)
N(25,28)=3

D{25,28) =1

N(26,27)=2

D(26,27) =1

N(26,26)=3
D(26,26)=6

D(26,25)= 9.5 D(27,25)=-7 D(28,25)%-2

(C) 3°N

Figure 4.

85°

4

o2

86°W ‘ 85°

Example of the method used to filter bathymetry and
free-air gravity anomalies. (a) Surface-ship gravity
data, (b) N and D matrix elements computed by filtering
Phase 1, and (c¢) Filtered gravity data computed by filter-
ing Phase 2.
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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
maps that is adequately defined is the 2 1/2o by 2 1/2o 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
unfiltered 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

Andel et al. (1971a).

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



Figure 5. Map of filtered bathymetry.
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van Andel et al. (1971a), there are two significant discrepancies.

The first is an apparent ridge on the filtered map trending
northeast from loN latitude, 870W longitude to 30N latitude, 850W
longitude. This feature, which shows up best in the 2600-m 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 et al. (1971a) is an apparent trough on the
filtered map connecting deep areas of the eastern and western basins,
Parallelling the coast at 2° 30'N latitude, 80°30'W longitude and
delineated by the 3000-m 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 ridge discussed 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 (Sclater and Klitgord, 1973). In the terminology of Grim
(1970b), this trough coincides with the Equador fracture zone, the
3200-m closure in its center coincides with the 4200-m 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 (Sclater 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



22

3600 m seaward of the continental shelf at 5 N. Between the fracture
zone at 85°20'W longitude and the Panama fracture zone, the bottom
is predominently deeper than 3000 m and generally conforms to the
normal depth-age relationship of Sclater et al. (1971). West of the
fracture zone at 85°20'W 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 Sclater'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

Gulf 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 indi-
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
landward 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
4°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°45'N 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. ILack 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 infinite-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=1,03, the average density of sea water; Tl=measured
depth; T2=sediment thickness measured from isopach map (van Andel
et al., 197la); G=measured 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



28

} F 1 R.T :DENSITY AND THICKNESS OF WATER LAYER
R T R2.T, - DENSITY AND THICKNESS OF SEDIMENT LAYER
Rz 421 R3,Ty : DENSITY AND THICKNESS OF TRANSITION LAYER
2 R4T4 : DENSITY AND THICKNESS OF OCEANIC LAYER
Ry | T :
—F T Rs.T5 : DENSITY AND THICKNESS OF UPPER MANTLE
T CT  : CRUSTAL THICKNESS EXCLUDING WATER DEPTH
: DEPTH TO MANTLE
R4 Ta
:FREE-AIR GRAVITY ANOMALY
D AT . GRAVITATIONAL ATTRACTION OF THEORETICAL
YV Y MODEL CORRESPONDING TO ZERO FREE-AIR
\ ANOMALY
Rg AC  :GRAVITATIONAL ATTRACTION OF COMPUTED
MODEL
4
CT= AT, (n
J\/_ Ts i=2
| T=CT+T, (2)
Y §y D=T+Tg (3)
G =AC-AT (4)
5

AC= K(;.Iﬁiﬁ) 5)
|=

WHERE K=2w¥f~—- CONSTANT USED TO COM-
PUTE THE ATTRACTION OF
AN INFINITE SLAB

Figure 7. Diagram and equations for infinite-slab model.



29
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 et al. (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 et al. 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 et al.,
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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Diagram illustrating the distribution of densities for the
sediment, transition, oceanic, and mantle layers. This
figure is the velocity distribution given by Shor et al.
(1970) with the abscissa relabeled as density acggrding to
the Ludwig, Nafe, and Drake (1970) curves.
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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. Ol-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 Cceanic Layer is Normal in Regions

Undergoing Active Spreading, Exclusive of
Aseismic Ridges

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 Goslin et al.
(1972) also find no significant variation in the thickness of layer 3

with spreading rate.
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Figure 9. Thickness of the oceanic layer with age from Goslin et al.
(1972).
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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 where the age of the crust is known from
magnetic anomalies and the depth is close to that predicted by the
empirical depth-age relationship of Sclater et al. (1971).

In conjunction with the assumption of constant upper mantle

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

The Thickness of the Transition Layer is 1.1 KM

Shor et al. (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 10a, 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 km3/106yr per kilometer of ridge crest.

Goslin et al. (1972) argued for a constant thickness of layer 2
with age (Figure 10b). They further argued that all the Pacific re-
fraction data presented by Shor et al. (1970) only weakly suggest the
inverse relationship proposed in Figure 10a, on the basis of fewer
data points and supplemental data from three other areas.

As indicated by the dashed lines, both Figures 10a and 10b

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 et al. (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 10b.

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. Shor et al. (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 vari-
ability is not taken into account leads to high-amplitude, short-wave-

length errors in the Mohorovicic discontinuity of the crustal sections.




37

CRUSTAL SECTIONS

Determination of Mantle Density and
Construction of Crustal Sections

Crustal sections are computed following the technique described
by Talwani et al. (1959a), 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‘oc:eanic 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 determined for 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
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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 | 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 approx-
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 Goslin et al. (1972). The thickness of the oceanic layer
computed with a mantle density of 3.28 g/cm3 is, therefore, 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 subcrust.

Profilé 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 subcrust 4.5 km

Distance = profile distance spanned by region of normal oceanic

crust and upper mantle

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 subcrust 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 et al. (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 com-
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 differenée 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 assumption 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 following discussion 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, Profile: AA' 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 a central 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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Figure 11. Crustal and subcrustal cross section for free-air
gravity anomaly Profile AA'.
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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 200 km) is considered to overlie normal crust.
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Profile BB'

Represented in Figure 12, Profile BB' 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 Sclater et al. (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 km, the crust-mantle interface shoals
to a depth of 8. km, 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.
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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.

At 500 km, the fracture zone at 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 mgal 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 indi-
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

Computation of Depth to the Mohorovicic Discontinuity
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+fl (RiTi)-R4(i§)1Ti)] /(R -R,)
where: A=R5D-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 et al. (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, ighoring 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 beneath 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 increasing free-air anomalies. The eastern end
of the Carnegie ridge is separated from the continental margin by a
ridge in the Mohorovicic discontinuity, with a relief of over 1 km.

The depth to the Mohoroviicic discontinuity is less than 9 km at
four locations, each east of the Panama fracture zone. The first
location, 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 and Carnegie
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 rﬁgal.

South and east of the Malpelo ridge, two of the shallow 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°wW longitude .to 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°20'W longitude.
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SYNTHESIS AND CONC LUSIONS

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 et al. (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
15a, a 5-km thickening of layer 2 results in a depth to the
Mohorovicic discontinuity of 13 kmm. The scale at the top of this figure
corresponds to the scale of Figure 13. In Figure 15b, 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 (Dehlinger, 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 15b.
However, across the Hawaiian ridge Dehlinger's section.is 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 absolute plate motion, although the Cocos and Carnegie ridges
do.

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 et al. (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 et al., 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

isostatic equilibrium. Because both of these ridges appear to
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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 30N 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 km, 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 30N 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 of 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
discontinuity.

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-
ern 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

for the intervening crust.
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The fracture zone at 85°20'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 Sclater et al. (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 Mohorovicic discontinuity. 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°20'W 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 et al. (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
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Galapagos hot spot. The observed free-air gravity anomalies dictate
that the ridges are compensated soon (less than 1 m.y.) after forma-
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- American plates.
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 margin 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 motion parallel to this margin is greater
than the convergence rate, suggesting a possible cause for at least
some of the right-lateral shear apparent on the Guayaquil-Dolores

megashears (Case et al., 1971) and the northeast-trending fractures
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in sea floor (van Andel et al., 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 margin. 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 30N latitude,
however, the continental margin is sharply concave, forcing the
subducting lithosphere into a situation in which its surface area

cannot be conserved. Therefore, the crust is subjected to a great
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deal of compression and uplift prior to subduction, and after sub-
duction 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 anofnalies
‘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 FILOW 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-
mentation 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.

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

=3 Step in data flow that is executed three times: once
for free-air gravity anomaly, once for magnetic
anomaly, and once for bathymetry.

BCD card-image file.

Binary 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.

-



DATA FLOW

* PROFILE

PROFILES

* TALWANI

CRUSTAL AND
SUBCRUSTAL
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SECTIONS
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Figure 16.

GRID DATA
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DFILE I
* TRACKLINE ¥ EPICNTR
[maP OF [MAP OF
SURFACE SHIP I i
TRACKLINES LOCATION

XTRACE ONE
ONTO

THE
OTHER

LOCATION MAP

FOR GRAVITY
DATA

Diagram illustrating the flow of data.
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BFILE 2
SEDIMENT
ISOPACH LISTGRID FILTGRID
MAP
DIGITIZE DFILE 3 DFILE 2
¥ |_ABLE 8 DFILE |
BASE MAPS FOR
( AND LREE- AR
Al
DFILE 4 ANOMALY
ﬁ
LISTING 2 FILTHICK DFILES

Figure 16.

Continued.
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Figure 16. Continued.
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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 et al. (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. The former is documented by Gemperle and
Keeling (1970), and the latter, by Gemperle et al. (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 Talwani, et al.

(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.
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Data Files and Listings

BFILE]:

BFILEZ:

DFILE]:

DFILEZ;

DFILE3:

DFILE4:

DFILES5:

DFILEG6:

DFILE7:

(MT9105), Surface-ship geophysical data in NGDC binary
format. In this format the unit of latitude and longitude

is the decimal degree divided by 104, and the sign conven-
tion is north and east positive.

(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.

Pendulum station data. Filed in format (2(I5,F5.1),
2(6X,F6.0)), each record consists of latitude, longitude,
free-air gravity anomaly, and depth.

Filtered data (bathymetry or free-air gravity anomaly).
Filed in format (2(I5,F5.1), F8.0), each record consists
of latitude, longitude, and filtered value.

Gridded free-air gravity anomaly and bathymetry data.
Filed in format (2110, I4,F8.0,4X,F¥8.0) 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 of free-air anomaly values,
average free-air gravity anomaly, and average depth.

Same as DFILE3 with sediment thickness appended to each
record. The format for this file is (2I10,14, F8.0, 4X,
F8.0,F7.0).

Filtered depth to mantle. Each record consists of lati-
tude, longitude, and filtered depth to mantle filed in
format (2(I5,F5.1), F8.0).

Same as DFILE] with sediment thickness appended to each
record. The format for this file is (2(I5,F5.1),2(6X,
F6.0), 3X, F4.0).

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).



LISTINGI:

LISTING2:

LISTING3:
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Multi-paged listing of N and D arrays followed by the
average, standard deviation, minimum, and maximum of
the input data values.

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.

Listing of depths and thicknesses computed from pendulum
data. Listed in format (2(15,F5.1),4X, 7F8.0), each
record consists of latitude, longitude, free-air gravity
anomaly, depth, sediment thickness, transition layer
thickness, oceanic layer thickness, crustal thickness,

and depth to mantle,
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SUBROUTING FLLTOATA

PRREBF AN FBIE VB FIRNBRBRBPER BT RPBRARRRBIBIERRI RN RAERIPENN

FRUM ThWd MATRICcS RoPRISENTING THe wUM3er OF VALUoo AN

THe AVERAG: VALUL IN bACH SQUARE OF A siMiLr Lrlyy

SUBRUUTINE FLLTOATA COUMPUTes ANJ UUTPUIS THt

FOLLUWING PARAMLTERSS LATITUOE, wViolTulLy AND

FILTCRLD DATA vALUE., TrHb FILTewniD vALUey Are Uolosbilined

BY AVERAGING ALl VALUES L okl LUMPIUNJ SUUARe Hhut UP

OF & AUJACUNT SIMPLe OxIU SUUARzoy AND THE LURKRoOFURILING

G UGRAPALIL POSITIUNS LxE ASSIGHNWY RCLONUIKL 70 Tha

FOLLIOWING CASESS

[ L Y PR R R R R N P R R S R R R RS R R LR RN R L AL

COMMUN (o4 y50) yJ (49l

FUKMAT (2(199F541)4F3.U)

Q0 1u6 J=1y03

U0 130 K=1y55

IF(H(J,‘(“].) eidu e Do ANUGIN{ Jt], K)ewieG) GU Tu 1u

IF(N({JyK) azQe 0) GU TOU 100

.Lf‘(N(J“l,Kfl)cCQnd) LU TO 24

XX RS YR Y R YR R YR R E Y P R RS R RS SRR S R R R ER R LR

Cave 1 == AT LLAsST TWU OIALUNALLY UPPULEU SiMPL: uxlp
SAQUARLS Axe dU0N=uMETY., AN Triflo Céoe THe
ASSIOGNLD POSITLuUN 15 Toe CiNTewm OUF TrHg
LUMPUUND SQUARL.

(X R Y R R R R PR Y R P P Y P RS R R R R L R R R R

S0=00JyKI*N LIy K) #D(J#1y KeL) ¥ N(J+L, K1)

SU=SU#D (UL yKI*NT I+ Ly K) + 0L K+ LI *N{Jy K1)

SNEN(Jy X)) N (U1 yK+1) ¢N(Jy K1) +in(J+1,K)

TLQNC’:gZo’J.OcZS

TLAT= =4, +K* 0425

XX RS S R YRR

Gu 10 &9

LFAINCUyR+1) ocQel) LU TU 4u

IF(JecGa1) GU TO 36

IF(N(J'].’K) oNL.O‘O'{.N(J'l,Kfl)QN».QC') bu TU 10T

XX R R R R IR YR R Y R P R R P YRS E RS S AR RS R LR R EE KRN

CASL 2 == GRLU SUURRES JyX ANU JyK+1l Axc RKON-zMPTY, 3UT
J=14K ANU J=lyKtl Axt cMFIY. b Thiy emdt Trl
ASSIGHEY PUOSITLlunw ib The POINT MIUWAY o.iweod
THL CunTins UF THo Tno NUN=LMPTY SQUAKCS,

XX R F Y Y RSP PR P PSS RS PR LR R R RN LR LR R R

SU=D(UyK)*N LU gK)I+D(Jy K+ 1) *N(JyK+1)

SN=EN(Jy K} +N (JyK+1) ‘

TLUNL=Z=G 2, =J %y 25406125

TLAT = =4 4+ K* e 2b

IR TR ES PR RN

6u T0 vy

IFIN(J+L,K) «Qe0) wUu TU 1410

IF(KeeQel) vy TOU 590

IFIN(JyK=1) eiN e DouUreN(J#+1yK=1) envzel) SU TL 194

XX FEYRE R R YEY R R X YR R P S PR LN RS S R R R N

ChAoc 3 == GRIU SWUARZY Jyn aivld J#1yK dxe MUN=ecMPTY, 3UT
JyK=1 ANU J+1l,yK=1 axe oMETY. I il CasE THa
AD5 LINLD FUSLTIGIN I> TAe POLinl MIUWAY S0 WLl
THe ConlokdS UF THe THy NUN=LMPTY SlUum<.ose

IR RS YRR Y Y I Y P Y PR YT R R RE R R T X IR RN
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SUSO(UyKIFN{JyKI+0(ItL, K)*N{JdF1,yK)
SHEN(JyK) +N (J+1,K)
TLONL=G24a=J*042Y
TLAT= = o +K¥ e 25=04125
Y YT Y YY)

FIL0=SU/SH
LONG=TLONL
OMLONG= (TLONL=LUONG)*6 L.
CAT=TLAT
OMLAT=(TLAT=-LAT)*0D.
WRITL (2,1000) LAT,UMI—A[,L‘\JNL),U”A.UNU,F].LU
P N I I I YET TIPSR LRSI LR R LS LR LR R
CASc 4 == DaTh FITS NUxz wF THo ABUVe THRLE LADLS. i

ThHlo CASt THE Fiuit<ed VArdae 1u Nul Cotrlinos
P I R Y P T s Y Y T N P S R S E RS R L R LR
CONTINUZ
ReTUKN
D

PROGrRAM FILTGRLD :

I Y Y e I Y YRS WY P R S SRS 2R R AR R R S L R A
INPUTS 31INARY N AND O ARKAYS abg Trod CALLD audquTlmg
FILTIOATA TU COMPUTe FILTexe) SATHYMeTRY OF FIolo<ou
Frec=Ar <t GRAVLITY ANOMAL Y.,

P R Y R Ry R Y Y XIS IR RS P RS RS L
COMMUN (064 458) 4J(Guy50)

BUFFER IN {1y1) (NyN(E=,20)1)

SUFFir In (1y91) (Jy0(t+950))

CALL FL.TDATA

REWIND 1

cND
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FROGRAM FILTHICK
IR Y YR YR Ry Yy sy Y Y T R S R R e S
COMPUTES THICKNESS OF CRUSTAL LAYERS, TOTAL THICKNESS OF
CRUST, AND OtPTH TO MANTLE FOUR GRIDDED DATA. FURMS N
ARRAY OF THE NUMBER OF FRec=AIK GRAVITY ANOMALY VALUES
IN £EACH GRID SQUARE ANJ D ARRAY UF THE CORRESPUNDING
COMPUTED ODEPTH TO MANTLE. CALLS SUBROQUTINE FILTOATA TO
COMPUTE FILT_RED OEPTH TU MANTLE.

l"%""'!!'¥'¥¥'¥¥Q¥¥¥l"%"""““*!'#""“"'%*4!"

COMMON N{b4,506),0(b4950)

FORMAT (2I10yltsFB8e0,LXyFBeUyF743)

FORMAT (2I10yI4yF840,6F840)

(A LRSI E ST LY Yy Y R Y Y Y Y P S P RS S RSP R SRS S Y
INPUT PARAMCTERS FOR COMPUTATION OF LAYER THLICKNZSS AND

DEPTH TO MANTLE ARL SET BY THE FULLUWING 10 STATcMcNTS.

(LRSI ETEY Y R S R P Y Y P Y R Y P R P S R P P P L R R R RS R R
R1=1,03

R2=2+0

R3=2.6 /

Re=2.9

R5=34 28

UR53=R5-R3

OR54=R5~R4

A=10354,5u417

8=2+3850583u41

RT3=R3*1100.

LEAX ETELES RS R YL L2

REAO(1,1000) IX,1YyNGyG,T1,T2
I T R R Yy R Y Y Y Y YR Y Y T R TRy
COMPUTATION OF LAYER THICKNZSS AND DcPTH Tu MANTLE IS
EFFECTED B8Y THt FOLLOWING 19 STATcMINTS,
TR R Y R Y Y Y Y R Y P YR Y YRR PRSI PRSP ES Y S N
IF(Z0F{1)) GU TOU 1u¢
SRT2=R1*T1¢R2*T2
ST2=T1+T72
TM2=A~B*G+SRT 2
TEST=TM2-R5*3T2
IF(TEST LT 0) GO TO 10
ST3=ST2+114 0.
TM3=TM2¢rRT3
TeST=TM3-R5 #3573
IF(TEST.GTL.0) GO 70 2¢
T=(TM2-13*ST2)/0k53
CT=T=-T1
Te=0
T13=T-3872
60 To 31
T=(TM3~0*3T3)/DR54
LT=T-T1
T4=T=ST3
T3=1100.
Y YT YRR YY Y
WRITZ(103,1001) IXyIYYNGyGyTL1yT2yT3yTiylTyTd
DIIX,IY)=T
N{IXyIY)I=NG
60 TU 13
CALL FILTDATA
ENO
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PROGRAM GRIUODATA
LA X RS RIS ST I E R LR EE RN S ;4#4‘44444444!4###!44%444%%%4%-‘-‘-#
DIVIOES wReCTANGULAR AKEA INTU GRLU SQUAReS AND A35LGNS
TO EACH UF THoSE OQUARES TWu INDLCes CuMmiFULTED FROY
LONGITUOE ANU LATITUDL, ULSIGNATED J ANU K, ANU NUMBLKRID
UUONSGCUTLVELY FROM THE SW CURNER OF THe GrIJe SCAKS
INPUT FILE AND COMPUTES TWO ARKAYSS NI{J,K), AN INTLOGER
ARRAY OF THZ NUM3cR OF UnTA VALULS, ANu D(JyK)y A KiAL
ARRAY OF THE AVERAGE CATA VALYt IN £ACH LRIOD SGUARL.
CUMPUTES THE avexAGE, STANUARD JoVIATIUN, MINIMUM, ANU
MAXIMUM OF THE INPUT DATA VALUES.
P I IS TR T S R Y Py Y Y R YT S XY R RS SR L L R L Ll
DIMENSIUN IOJATA(LS,1ui) ,IHOR{20) yNUATA(D4450) s0ATAloybb)
FORMAT(£ONGOCBIN HEADLR RECURL 1ot #/Xy20A4)
FORMAT(LRU,y 2216) '
FURMAT(1H 4 22F640)
FORMAT (# Mo Al VALUE = 2,Fbs0)
FURMAT(2 STANDARD OcVIATION = #,F6.1)
FURMATI(# MINUMUM VALUE = #,Fbs0)
FORMAT(2 MAXIMUM VALUEL = #,F640)
FORMAT(1d41)
FURMAT{ 2 NUMBER OF VALUEL = #yfoel)
T PYETRE R Ry SR VY YR P YRS SRR E R R L L R K EE LA R
THE FOLLUWING 5 STATSMeNTS ARE THE INPUT PARAMLTORE FOR
A 152 GRID CONSTRUCTED IN THt AREA FxOM 7€W . Tu 32W AND
FRUM 45 TO 1IN
I P YR Y RYRST RIS SRR PSSR LR LR L LR R R A EX SRR E N
OLAT==40000
OLUN==920000
ULAT=100440
ULUN==760000
DEL=2500
XS RY S ESE LY SRR
DMIN=100060
UMAX==130000
BUFFER IN (1,0) (IHOR,IHOR(20))
IF(EUF(1)) 6O TO 50
ARITE (61,106) (IHIx(I),1=1,186)
BUFFeRk IN (1,1) (lUATA,I0ATA(15,100))
IF(LUF(1)) GO TO 10
II=LENGTHF( 1) 715
00 30 I=1,II
PLAT=I0ATA(4y 1)
PLON=IDATA(S, 1)
PVAL=TUATA(10,1)
I Ry Y Y e YR Y I Y Y E Y P SRR L L R I R E b b
NOTICE THAT THE QUANTITY aASSIGhey EY THE ABUVe STATLMEN]
TU THE VARIAZLE PVAL 15 DcTuxmineD BY THe FULLUALNG
CONVENT LONt '
IDATA(1d 1) =DcPTH
I0ATACL3yI)=MAGHET IC ANUMALY
IDATA(LeyI)=FREE-A LK LRAVITY AdUMALY ‘
X R ESIE TR ELRELEE LS R XL L X L L &¥#¥4¥¥4¥¥-44444¥-&4¥44#¥&‘444&44{-4-&
IF(PVAL «c.Qe10000U) GU TO 353
LF(PLAT e LTe ULATcORGPLAT s Lo ULLAT) GU T 30
LF(PLONWLT e ULONGIRePLUN s GL, ULUN) Ly TO 30
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Su

60

61

-¥4

63

iXz(PLUN=OLON)/70EL+1
IVY=(PLAT=OLAT) /0L #+1
DATACIX 1Y) =0ATA(IX,1Y) +PvAL
NUATA(IX, LY)=NJATA(IX,IY)+1
TUATA=TIATA ¢PVAL
TSDATA=TSDATA+PVAL**2
SUATA=SOATA +1

LF(PVAL«GT L DMAX) DMAX=P VAL
IF(PYAL.LT+DMIN) OMIN=PVAL
CONTINUE

G0 TO 23

00 owu J=1,b04

DU 60 K=1,56
ODATA(UyK) =D ATA(JIyKI/NDATAE(JI,K)
BUFF=R OUT (2491) (NDATAZNUATA(L+ydu))
SGUFFIR OUT (291) (UATA,DATA(E4,50))
cNOFILE 2

WlTe (1J,116)

U0 61 K=1,%0

WRITE (13,1100 (NOATA(JyK)yJz=1,y22)
WRITL (1J,111) (DATA(JS,K) 9J=1422)
WRiTZ(10,116)

00 b2 K=1,5%0

WRITE (13,110) (NUDATA(UyK)yJd=c3ytl)
leTﬁ‘lD,lil) (DAIA(J,K,,J-_'Z-‘""#)
WRITE(13,y116)

U0 63 K=1,y50

WRITCS(10,110) (NUATA(JyK) yd=42904)
WRiT<(13,111) {(0ATA(JyK) yJ=aDy04)
WRITE(LJ,1106)

AV=TUOATA/SOATA

SUEVE ((SUATA* TSUATA-TOATA**2) / (SOATAR (SOATA=1) ) ) ##54bH

ARITE (13,112) Av
WRIT: (13,113) SD0&v
WR1IT-(13y114) OMIN
WRITE (13d,115) OMAX
ARITE (13,117) SODATA
END
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PROGHAM LISTGRID

S Y Iy Ry Y Y P P P S R S R R L R L L bk
REFQRMATS GRINDED DATE FROM BINARY ARRAYS TC A RBCO
CARD IMATL FILU
LR N g A R Y Y Y R P P S S S S PSSR SR S L
DIMENSTION NG(G4,56) 3GLEL,56) yND (6L 456) ,0(64,5€)

1900 FORMAT(2I1C 9I4yFB8eQyu¥X,FB,0)
AUFFYE I (1,1) (NGyNC(EL,58))
PUFFTR In (1417 (GyGlEnwe50))
CALL SEEF(L)
CRALL SESF (1)
SUFFLR IN (1,1) (NOGZKNC(E4L,50))
BUFFTR (1,1) Dy (€4 ,506))
SEHINDG
30 1% ¥
(FECH NN
TF(NE(J
WRITT (

10 CCT‘:TII\L P

R

[o N e NoR ]

IN
1
=1 ,5¢F

21454

K)eiNa(GeOReNC(JyK)eGal) GC TO 10
91000) JyKyNGIJyK) 6 (JyK)4,00d,K)
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PROGRAM THICKUMP

I ¥ Y YR T Y Ny e P IS P YT R S TSR AL L R L R L
CUMPUTES THICKNESS OF CRUSTAL LAYerDy TO3ThbL THIUKNLSY

OF CRUSTy AND DEPTH TU MANTLL FJx FrNuuLUM SiATLIUN LATAS
Y Y I T Y P YR P YR YRR Y Y Y ISR RS YR Y R LN
FORMATIZ2(153F541) y2(6XyFbeud)y3XyFitodd
FURMAT‘Z(Iﬁ,FB-l)’OX,FOQG,beoB)

FORMAT(2(I 9F541) yFH8.0)

Y Y G R A R Y R I L R R R R
INPUT PARAMCTERS FOR CIOMPUTAT [Ow OF LAYLR THICUKWLSS ANU
DePTH TJ MANTLL ARE SET BY THi FULLUAING 10 STATudoNTO.
I N N T T I YT Y Y Y Y R S R R R R R L R
R1=1,(03

R2=2. 0

R3=2.6

R4=2,9

R5=3, 28

OR53=R5-R3

DRSO 4=RE =R &

A=10354.5417

3224385058341

RT3=R3%1140.

FEEXBAR SRR BN N

RtAU(l,lOUO) LA],UMLA1,LUNU,DMLUNG,G,Tl,IZ
Y Y Y T T L Y YR R Y X 2
COMPUTATION OF LAYor THIUKNLODe ANU DoPTnr Tu MANTLZ 1o
WFFECTED BY THe FOLLOWING 13 STATLMENTS.
R Y R Y PR TS e R Ry YIS I Y SR PSPPI TS PR L N
iF(sUuF{1)) GU TO 104
SRT2=K1*T1+R2*T2
ST2=T1+72
TM2=a=g¥*5+orT 2
TeST=TM2-rkb *>12
IF(TasTecTad) wu TU 10
ST3=35T12+1100.
TM3=TM2+RT3
ToST=TM3-R3 #3573
IF(TESTGTe ) GO TO 20
T=(TM2=-3%5T2) /0R53
CT=T-71
T4=3
T3=T=ST12
GU TO 30
T=(TM3=-Ru*s5T3)/0R54
Cr=7-T71
Tw=T=5T3
T3=1100.
IE YRR ER N E R R RN R ]
HRlTE(lO,lUUl) gAT,OWLAT,gOAG,DM;Uhu,d,Tl,TE,TS,Iw,CT,T
WRLTZI(241002) LAT yUMLAT g UNUGy JMUUNG, T
60 Tu 179
eND
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APPENDIX II

GENERAL DISCUSSION AND DERIVATION OF A
50-KM STANDARD SECTION

The observed free-air gravity anomaly G is related to the
gravitational attraction of a.crustal model AC by the following equa-
tion: G=AC-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 belowk 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 Shurhet
(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 105-g/cm2 discrepancy in the computed
mass per unit area at 33 km between the oceanic and continental

sections is insignificant relative to a 0.0l-g/cm” change in mantle

density.



Table 4. Standard sectionicomparison..

Source Worzel &  Worzel & Talwani, Worzel Worzel Couch
Shurbet Shurbet et al, (1965) (1965) (1969) Computed
(1955) (1955) (1959b)
A B A B

Water T 5.00 4.90 3.70 4. 05
Layer D 1.03 1.03 1.03 1.03
Sediment T 1.00 0.70 0.50 0. 46
Layer D 2.30 2,30 2.15 2,00
Transition T 1.70 0.80 1.10
Layer D 2.55 2.74 2.60
Oceanic T 4.50 33.00 32,00 4,20 33.00 5.00 4. 00
Layer? D 2.84 2.84 2.87 2.90 2.90 3.00 2.90
Mantle T 10.50 33.00 32.00 11.50 33.00 10.00 9.61
Layer D 3.27 3,27 3.40 3.40 3.40 3.30 3.32
Mass per unit
area at a
depth of

20 km 51.30 56.80 57.40 52.07 58. 00 55.08 54, 05

30 km 84,00 85.20 86.10 86.07 87.00 88. 08 87.25

32 km 90.54 90. 88 91, 84 92.87 92,80 94.68 93.89

33 km 93.80 93,72 95,24 96.27 95,70 97.98 97.21

40 km 116.70 116.61 119.04 120.07° 119.50 121,08 120. 45

50 km 149, 40 149, 31 153,04 154,07 153,50 154,08 153,65

T = thickness in km
T* = depth to Moho in km
D = density in g/cm3

doceanic layer also desigriates crustal layer when only one layer is givén

68
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The standard section of Talwani _é_t_a_l. (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,
a0.572 x 105 g/cmz—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.
An increasing body of marine seismic refraction data (Raitt, 1956;
Ewing and Ewing, 1959; LePichon et al., 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 et al. (1959b) extended to a depth of 40 km,
Talwani et al. (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 et al., 1969; Johnson, 1967; Lewis and Meyer, 1968; and
Anderson, 1967) implying lateral differenc'es 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 (Sclater
et al,, 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 insignifi-
cant lateral changes in density at depth are as follows: 1) Talwani
et al. (1965) ruled outsignificant lateral changes in density 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-
gravimetric evidence,

For the Panama Basin, it is tempting to use the 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. Unfor-
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



94
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
crustal 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 refrac-
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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Figure 17. Location map for seismic refraction stations used for
standard section determination.
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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 were converted 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 c2s DW2 DwW4 DW37 DWw38 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 2.15 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 64.32.66 64.27.36 6819,68 6599.706556,84 6341,74 6476.4 6442.1 6442.0

(6483. 1) (6436, 8)

T = thickness in km

V = velocity of sound in km/sec

D = density in g/cm3

Attraction = gravitational attraction in
milligals of 50-km section,
computed with infinite-slab
approximation

(1) Section computed by averaging all 11 seismic refraction stations.

Tabulated attraction is the
average of the 11 stations; parenthetic attraction is the attraction of the average section.
(2) Section computed by all but station DW4.

(3) Standard section obtained by adjusting section (2) so that its attraction is nearly equal to the
tabulated average.

L6



98

SEISMIC REFRACTION STATIONS

DW2
DW39 (24|25

9 ci8 hczo C23 DW38 DW37 DW4

| | | | | l

' ‘ ! T T B T 1

63 64 65 66 67 68 69

GRAVITATIONAL ATTRACTION (mgalx i00)

Figure 18. Distribution of the gravitational attraction of the
50-km sections determined for each of the seismic
refraction stations.
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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. 1-mgal difference between
the attractions of the standard and averaged sections. The resulting

section is shown both in tables 2 and 3.





