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Marine magnetic data from the northern Yucatan continental margin were used to

obtain the radially-averaged power-density spectra (RAPDS) of 34 grids, each with

dimensions of 128 by 128 km, overlapping 50 percent. Depths to the tops of three

magnetic horizons were estimated from the slopes of linear segments in the spectra. The

depth to the base of the magnetic crust was estimated using an implicit relationship between

the deepest depth estimation and the spectral peak position. The depth detenninations agree

with the limited drillhole data available and show some consistency with seismic refraction

interpretations for the study area. Results of similar studies, based on the spectral analysis

of magnetic anomalies in different tectonic settings, seem to agree with other geophysical

and geologic data. In this area however, the limited depth of resolution achieved by

seismic methods, and the absence of deep drillhole data and heat-flow measurements,

makes it difficult to assess the validity of this interpretation. I therefore examined the

simplifications implicit in the data processing techniques commonly applied in the spectral

analysis of magnetic anomalies, and the assumptions upon which the method is based.
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Finally, I tested the method itself by interpreting synthetic anomalies generated from model

source bodies. I found that depth interpretations, based upon assuming that the slope of

linear segments in the RAPDS are proportional to the average depth to the top of magnetic

horizons, and thickness determinations using the position of the spectral peak, are

unreliable. The problem has been oversimplified. I also show that the RAPDS is

independent of the direction of both the geomagnetic field and the magnetization vector. It

can be represented by a Functional in terms of depth to the top of the source, its thickness

and its horizontal dimensions.

The problem of interpreting the RAPDS was then formulated as an inverse

problem. A solution was obtained through minimizing, iteratively, the sum of squares of

residuals between a real-data spectrum and a synthetic spectrum. The minimization was

based on a linearized model, using the ridge-regression algorithm. This technique

provides acceptable solutions for synthetic anomalies produced by model source bodies.

Depth and thickness determinations, obtained using this technique on the Yucatan spectra,

were used to make contour maps of the average depths to the top and the base of the

magnetic crust. The top of the magnetic crust is at an average depth of 1.8 km. The base

of the magnetic crust is at an average depth of 25 km. Beneath the central Campeche Bank

and Campeche Terrace the depth to the base is close to the depth to the crust-mantle

boundary determined by gravity modeling and mass column analysis. This suggests that in

those regions the mantle is the lower magnetic boundaiy.
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SPECTRAL ANALYSIS AND RIDGE-REGRESSION
OF MAGNETIC ANOMALIES FROM THE

NORTHERN CONTINENTAL MARGIN OF THE
YUCATAN PENINSULA, MEXICO.

INTRODUCTION

During the spring of 1985, CONMAR, the Continental Margins Study Group of

the College of Oceanography at Oregon State University, in a cooperative project with the

General Directorate of Naval Oceanography of the Mexican Marine Secretariat, surveyed

the northern and eastern margins of the Yucatan Peninsula using the Mexican Navy
research vessel ALTAIR. Gravity, magnetic, and bathymetric data were acquired along

9,600 km of precisely navigated tracklines. This thesis presents an interpretation of the

total field magnetic data acquired on the northern continental margin of the Yucatan

peninsula.

The northern continental margin of the Yucatan peninsula is located at the
southeastern edge of the Gulf of Mexico Basin (Figure 1). This margin and the emerged

Yucatan peninsula constitute the Yucatan block of Pindel(1985). This block plays a major

role in geological models concerned with the tectonic evolution of the Gulf of Mexico

Basin. It is generally thought that after the break up of Pangea, at the beginning of the

Mesozoic, sea floor spreading caused the Yucatan block to drift away from the Texas-

Louisiana margin to reach its present position at the end of the Jurasic (Bufjler, l984

Pindel, 1985; Salvador, 1987).
The Yucatan block is covered by carbonates, evaporites, and sediments of Late

Triassic to Cenozoic age. No holes have been drilled offshore, and much of the geologic

information available comes from a few onshore wells drilled on the Yucatmn peninsula. A

brief summary of the drillhole data relevant to this work is given in the first section of this

thesis, a more detailed description of the stratigraphic sequence in the Yucatan peninsula

may be found in López-Ránios (1975).

Several geophysical studies have been conducted along the Continental margins of

the Yucatan Peninsula. An important early contribution to the understanding of the crustal

structure of this margin was the seismic refraction work done by Ewing et al. (1960) and

by Antoine and Ewing (1963). A summary of the seismic refraction data in the area is also

given in the first section of this thesis.
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Although refraction data over the Campeche Bank (see Figure 2) have a limited

depth of penetration of about 2 km. they help to constrain gravity models of the crustal

structure there. Two-dimensional models (Yungul and Delzlinger, 1962; Henderson,

1963; Deh!inger and Ja!es, 1965) have been constructed across the Campeche

Escarpment along profiles constrained by the seismic refraction data of Ei'ing et a/.( 1960),

and Antoine and Ewing (1963). It is interesting to note that, over those years, while the

data density increased and data quality improved due to more precise navigation systems.

the general image of the crust remained largely unchanged. Recently, Alvarado-Omaña

(1986) used a new high-quality gravity data Set to construct another two-dimensional model

across the Campeche Escarpment. In his cross-section, a flat crust-mantle boundary

occurs at a depth of 32 km beneath the Campeche Bank.

The second section of this thesis is concerned with the Yucatán-85 cruise

navigation, with the data acquisition during the cruise, and with some aspects of

processing the magnetics data. Contour maps of bathymetry, and free-air gravity and

magnetic anomalies have been constructed using the Yucatan 85 cruise data supplemented

with data from other sources. The maps, which provide a regional picture of the crustal

structure of the area, are qualitatively discused. Onshore and offshore mapping suggests

that the eastern margin of the Yucatan probably consists of transitional crust and that most

of the margin is in isostatic equilibrium.

The next section introduces the spectral analysis technique developed by Spector

and Grant (1970) for the interpretation of magnetic anomalies. Following the methods

used by Connard etal. (1983) and by Sdnchez-Zarnora (1988), gridded magnetic data

from the northern Yucatiin continental margin were divided into 34, 50 % overlapping

square grids, each with dimensions of 128 by 128 km. The radially-averaged power-

density spectrum was obtained for each grid and the depth to the top of magnetic sources

was estimated from the slope of linear segments in each spectrum. Results of the spectral

analyses are presented as contour maps which show the depth to three magnetic horizons.

These depth determinations agree with the limited drillhole data available and show some

consistency with seismic refraction interpretations, suggesting that the top of the magnetic

crust, at an average depth of 2 km below sea level (BSL), lies within the seismic units C

and D of Antoine and Ewing (1963). The intermediate magnetic horizon lies at an average

depth of 5 km BSL, and shows some correlation with refraction data along the Campeche

Bank. The deep magnetic horizon is at a highly variable depth but but the results show

that, at least on the central Campeche Bank, the lower crust is magnetized and that an

important change in magnetization, at the level of the lower crust, occurs along the eastern

and western margins of the Yucatan. The depths of the deep magnetic horizon and the
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positions of the spectral peaks were used to estimate the average depths to the base of the

magnetic crust. Contours to this horizon are highly irregular, ranging from 12.5 to 32.6

km BSL with an average of 23.6 km BSL.

The next section is devoted to an examination C the spectral analysis method. In

order to obtain a quantitative measure of the realiabiity of this statistical technique as a tool

in interpreting magnetic anomaly maps, the fundamentals of the method, the

siinplifications inherent in data processing, and the implications that result by considering

uniform and Gaussian probability distributions are analyzed.

In this section the ensemble average horizontal dimensions, depth, and thickness

are analyzed considering uniform and Gaussian probability distributions. It is shown that

the radially-averaged power-density spectrum of magnetic anomalies produced by either a

single prism or an ensemble of prisms is independent of direction of the magnetic field as

well as the direction of magnetization. It only depends upon the source geometry, which

may be described in terms of the depth to the top of the source, its thickness and horizontal

dimensions.
The assumption that the slope of linear segments in the spectra are proportional to

the depths to the top of magnetic sources was tested on synthetic magnetic anomalies

produced by one and by several prismatic sources. In the case of single prismatic sources,

depth determinations were always overestimated. This overestimation increases as the

source horizontal dimensions increases, and depth determination may be in error by 50 per

cent. In the case of multiple sources the spectrum decay in a way that suggests the

presence of several magnetic horizons, the deepest being unrelated to the average depth of

the source. Under fortuitous conditions the shallow horizon may be close to the average

depth of the source.
A technique to estimate the Curie-point depth based on an implicit relationship

between depth, thickness and the spectral peak position was analyzed. The main problems

found here are the lack of resolution necessery to precisely determine the wavelength at

which the spectral peak occurs and a non-precise depth determination.

Overali, this quantitative examination of the spectral technique shows that after two

decades of application, some of the agreement found with respect to other geophysical or

geological data may only he fortuitous.

In the next section an alternative method for interpreting the radially-averaged

power-density spectrum is considered. Information regarding the geometry of the magnetic

source contained in the real-data spectrum was recovered by matching this with a synthetic

spectrum. A solution was obtained through minimization of an objective function, the sum

of squares of residuals, which describes the misfit between the real-data spectrum and the
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synthetic. Because the synthetic spectrum is represented by a nonlinear Functional on the

source parameters, the minimization was achieved iteratively with adjustments at each step,

based on a linearized model, using the ridge-regression algorithm. This iterative technique

provides acceptable solutions for the case of synthetic magnetic anomalies produccd by a

single prismatic source.
This iterative technique was then applied to the Yucatan real-data spectra. Depth

and thickness determinations obtained from the Yucatan spectra were used to make contour

maps of the average depth to the top and base of the magnetic crust. The top of the

magnetic crust, at an average depth of 1 .8 km BSL, is within the seismic unit C of

Antoine and Ewing (1963). Offshore Progreso the depth to this horizon is consistent with

the depth at which andesites were reached in the Mérida area, and with the reported seismic

velocity. The computed average depth to the base of the magnetic crust is highly variable.

It ranges from 15 to 35 km BSL, being consistently shallow in two regions, the eastern

and the western, suggesting that significant changes in magnetization occur at the lower

crust level. Those regions are separated by thick blocks, where the depth to the base of the

magnetic crust lies at about 30 km depth. The depth to the base of the magnetic crust

beneath the central Campeche Bank and on the Campeche Terrace are consistent with the



GEOLOGY AND
PREVIOUS GEOPhYSICAL WORK

The Yucatan block, as defined by Pindell (1985), encompasses the Yucatan
continental margin and peninsula. This block plays a major role in geological models

concerned with the origin and evolution of the Gulf of Mexico Basin.

According to Salvador (1987), at the beginning of the Mesozoic the area that would

become the Gulf of Mexico Basin was part of the supercontinent Pangea. The initial break

up of Pangea in the Late Triassic was characterized by rifting and tensional deformation

involving the stretching and attenuation of continental crust. This tectonic regime, which

lasted until the Middle Jurassic, generated rift grabens which controlled sedimentary

processes (BufJler. l984 Salvador, 1987).
Seafloor spreading caused the Yucatan block to drift away from the Texas-

Louisiana margin. The Yucatan block was progressively rotated approximately 43° in a

counterclockwise sense about a rotation pole located in northern Florida, and reached its

present position by the end of the Jurassic (Pindell, 1985; Salvador, 1987).

Carbonate rocks and sediments of Late Cretaceous to Holocene age cover most of

the Yucatan continental margin and Peninsula. No holes have been drilled offshore, and

much of the geologic information comes from a few wells drilled on the Yucatan Peninsula.

Figure 2 show the locations of driliholes.

Basement rocks on the Yucatan peninsula consist of schists, granite, and

quartzites. The drill hole Yucatan No. 4, drilled in the Valladolid area, reached basement

rocks consisting of very hard, slightly metamorphosed quartzite at a depth of 3290 m. In

British Honduras. the Basil Jones No. ihole reached a schist basement at a depth 2190 In,

and the Tower Hill No. 1 hole reached granite at a depth 2140 rn (López-Rárnos, 1975).

The Yucatan No. 1 hole, located in the central Yucatan peninsula, yielded rhyolite

at a depth of 3200 m with a Rb-Sr age of about 410 Ma. (Silurian). The holes Sacapuc.

Chiculub, and the Yucatãn-6, drilled in the Mérida area, reached andesite at 1415, 1258,

and 1245 m depth respectively. It is thought that a considerable area surrounding Mérida

contains similar Cretaceous andesite flows (Lópe:-Rdnios, 1975).

Siltstone and sandstone red-beds of the Todos Santos formation, have been

reached on holes drilled on the Yucatan peninsula, Guatemala, and British Honduras.

Underlying the Todos Santos red-beds is an extensive sequence of evaporite

deposits of Middle Cretaceous age which occur throughout the Peninsula.
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A sequence of shallow-water carbonate rocks, deposited from Late Cretaceous to

Holocene time, lies on top of the Todos Santos red-beds and covers the Yucatan

continental margin and peninsula, indicating that the region has remained a relatively

stable, slowly subsiding platform since the Late Cretaceous.

Several geophysical studies have been made of the Continental margins of the

Yucatan Peninsula. Important early contributions to the understanding of the crustal

structure of this margin were the seismic refraction studies by Ewing et al. (1960) and

Antoine and Ewing (1963). The gravity and magnetic data coverage in the region has

increased considerably since the earlier work reported by Yungu/ and De/ilinger (1962).

and by Heirlitzer et a/. (1966). Although refraction data along the Carnpeche Bank have a

limited depth of penetration of about 2 km. they constrain gravity models of the crustal

structure there.

Seismic data. Traditionally, since the work reported by Antoine and Eii'ing in 1963.

seismic units detected within the Gulf of Mexico Basin have been classified under six

general groups ranging from unconsolidated sediments through lower crustal materials. A

compilation of the published seismic refraction and ocean bottom seismometer data along

the Campeche Bank and Campeche Terrace is given in Table 1, and the location of seismic

profiles is shown on Figure 2. Mantle, with velocities ranging between 8.0 and 8.3

km/sec. has been reached in the center of the deep Gulf of Mexico but has been elusive

beneath the Yucatan.
Correlations between seismic units and drillhole data (Antoine and Ewing, 1963)

indicate that unconsolidated and consolidated sediments, ranging in seismic velocity from

1 .7 to 2.4 km/sec. were deposited during Neogene time. These sediments overlay seismic

unit A. which corresponds to Middle Tertiary sediments of variable thickness and seismic

velocity of 2.7-2.8 km/sec. Paleogene and Upper Cretaceous sediments are represented

by seismic unit B, which ranges in velocity from 3.1 to 3.8 km/sec. It is thought that

seismic unit C, which ranges in velocity from 4.7 to 5.1 km/sec. may correspond to

volcanic material (Thrahiin et al., 1981) of Lower Mesozoic or Paleozoic age (Antoine and

Ewing. 1963). The top of the seismic unit D, which ranges in velocity from 5.6 to 5.9

km/sec. apparently corresponds with the Middle Cretaceous Unconformity (see

crossection Texas-Louisiana to Yucatan by Winker and Bu/jier, 1984). Seismic unit E

corresponds to lower crustal material.



Table 1. Receiving positions, seismic velocities and layer thickness. Assumed velocities

are indicated by asterisks and unreversed velocities by parentheses: all others are velocities

determined by reversed profiles. The data sources are from: 1 Ewing et at., (1960),

2 Antoin' wzdEwin' (1963). and 3 Thrahirn eral., (1981).
Profile Position

N.Lat. WLong.

Velocity (km/sec)

Sediment High Velocity Layers
A B CD E

Layer Thickness (km)

Water Sediments High Velocity Layers
A B C D

I6SE 1 22.533 88.733 2.3 (2.8) 4.8 5. .06 .54 2.2

I6NW 22.750 89.100 .06 .25 .40 1.1

17 1 22.750 89.100 2.1 3.1 4.8 5.7 .06 .17 .53 1.1

14E 23.283 86.85 2.0* 3.4 4( 6.4 .73 1.9 1.4

14W 23.000 87.417 .06 .10 .56 4.0

I3SE 22.783 85.733 2.0* 4.9 5.9 1.38 .57 1.7

13MW 22.917 85.933 .82 .25 3.1

12 ' 22.633 85.700 2.0* 4.4 5.5 (6.7) 1.32 .29 2.5 7.0

16N 21.833 89.817 1.9-2.4 2.7 3.6 5.1 5.7 .04 .21 - .17 .28 .63 .75

16S 21.367 89.667 .01 .05 - .35 .31 .66 .50

14A 22.983 90.217 (2.0*) (2.8*) (3.8* 5.6 1.46 .61 .37 .65

14B 22.617 90.033

ISAN 22.617 90.033 2.0-2.3 2.8 3.4 5.1* 5.8 .09 .23 - .24 .49 .46 .64

15BS 21.817 89.733 .04 .22 - .19 .30 .46 .90

17E 2 22.517 89.667 1.7* 2.3 3.4 4.9 5.9 .01 .09 - .73 .55 .47

17W 22.550 89.833 .01 .10 - .70 .77 .50

18S 2 22.383 89.883 1.7* 2.1 3.3 5.0 5.9 .01 .02 - .76 .63 .29

18N 22.550 89.833 .01 .10 - .62 .74 .37

I IE 24.130 86.640 2.0 3.4 4.7 5.9 4 1.28 .57 1.01 2.22 9.5

11W 24.610 87.590 .60 .01 .52 1.92

Seismic velocities depend upon a number of factors. Among these are
mineralogical composition, fluid content, temperature. pressure, grain size.
cementation, foliation, and alteration. Because of the large range in seismic velocities,

and the common overlapping of velocity ranges of different materials, a unique

determination of lithology, from seismic data alone, is rarely obtained. Because drillhole
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data in this study area are available only on the Yucatan Peninsula, an unambiguous

correlation of seismic velocities with stratigraphic units has only been possible near

Progreso. Table 2, which includes drillhole data from López-Rámos (1975) and seismic

velocities and layer thickness (refracti'n station 1ÔS in table 1) from Antoine and Ewing

(1963), shows the correlation of seismic velocities with the geological units identified on

wells drilled onshore near Progreso.

Table 2. Correlation of seismic velocities from refraction station 16S with onshore

geologic formations.

Velocity Thickness Lithology and geologic age from wells Chiculub, Sacapuc

(km/sec) (km) and Yucatán-6, drilled onshore, south of Progreso.

0.01 Water

1 .9 0.05 Caliche-Calcarenites-Calcilutites (Recent)

2.4 0.35 Mans-Clay-Limestone (Pliocene-Miocene)

2.7 0.31 Marls-Shale-Liniestone (Oligocene)

3.6 0.66 Limestone-Marls-Lutite (Eocene-Paleocene- Upper Cretaceous)

5.1 0.50 Andesite (Middle Cretaceous)

5.7 Basement (Paleozoic or Precambrian?)

Gravity and Magnetic Modeling. Two-dimensional modeling of gravity data (Yungu! and

Dehlinger, 1962: Henderson, 1963: Dehlinger and Jones, 1965) across the Campeche

Escarpment has been conducted along profiles constrained by the seismic refraction data of

Ewing eral. (1960) andAnroine and Ewing (1963).
Recently, A/varado-Ornaña (1986) used additional seismic refraction data (Ibrahini

etal., 1981) and newly obtained gravity, magnetic and bathymetric data, to construct a

two-dimensional model across the Campeche Escarpment using the line-integral method

(Taiwani er al., 1959). In his cross-section (see Figure 2 for location) a flat crust-mantle

boundary occurs at 32 km beneath the Yucatan shelf. Magnetics data across the Campeche

Bank were modeled assuming induced magnetization and a magnetic susceptibility of

0.0015 e.m.u. The base of the modelled magnetic crust is flat and lies at a depth of 18km

BSL beneath the Yucatan shelf. The depth to the top of the magnetic crust is highly

irregular, and ranges from 3.5 to 13 km.
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YUCATAN-85 CRUISE

During the spring of 1985 the cruise Yucatan 85 was conducted over the northern

and eastern continental margins of the Yucatan peninsula. Marine gravity, magnetic, and

bathymetric data were acquired along 9,600 km of precisely-navigated tracklines. A

trackline map for the cruise is shown in Figure 3.

Contour maps of gravity anomalies, magnetic anomalies, and hathymetry-

topography, have been constructed using the Yucatan 85 cruise data along with other

available data. The maps provide a regional indication of the crustal structure of the area.

l)Ai'A ACQUISITR)N Nl) DATA PRocEssIN(;

Navigation. Two navigation systems were used on the Yucatan 85 cruise:
ARGO and TRANSIT. ARGO is a 1.8 MHz. pseudo-range-range transponder system
that provides over-the-horizon positions every 5 seconds with a best positional uncertainty

of approximately 5 m. Since ARGO is a phase-comparison, lane-counting system, there

can be a lane ambiguity of 85 m in position at its operating frequency. The lane count

was maintained using TRANSIT satellite positions obtained from a Magnavox MX1 IO7RS

dual-channel satellite navigator. This system provides fixes at non-uniform intervals with

an uncertainty of approximately 100 m, approximately one ARGO lane. Overall, the

navigation for the cruise was very good as demostrated by the RMS discrepancy on gravity

trackline crossings of only 1.4 mGal.

Bathymetric data. Bathymetric data were obtained using an EDO-Western 2 kw

Echo-Sounding system operating at 12 kHz. Data were recorded on paper using an EPC-

4600 facsimile recorder at a 4 second sweep rate. The analog records were later digitized at

3 minute intervals plus inflection points. Carters tables (Carter. 1980) were used to

correct the bathymetric data for variations in the velocity of sound in sea water.

Marine t.ravitv data. Gravity measurements were obtained using the LaCoste &

Rornberg air-sea gravimeter S-42 mounted on a 2-axis, gyro-stabilized platform. Data

were digitally recorded every 10 seconds. Spurious horizontal and vertical accelerations

produced by the movement of the ship at sea were corrected in real time. Ship's velocity
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Survey track! ines Magnetic Base Station

Figure 3. Survey cruise Yucatan 85 tracklines and magnetic base stations locations.
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and heading data were obtained from the navigation files and were used to compute the

Eötvös correction for one minute samples.

LaCoste & Romberg land gravirneters 6-706 and G-707 were used to tie the
relative shipboard gravity measurements to the International Gravity Station IGBO8LL9,

located in Progreso.

Free-air gravity anomaly values were obtained by subtracting theoretical gravity

values using the International Gravity Field of 1967 (International Association of Geodesy,

1971) from the Eötvös-and drift-corrected observed data. The fmal data base was thinned

to 3 minute samples.

\'larine magnetic data. A Geometrics 6-801-3 proton-precession
magnetometer, with a precision of± 1 nanoteslas (nT), was used to measure the intensity

of the earth's total magnetic field along trackiines. Values were digitally recorded every 10

seconds and were later subsampled at an interval of 3 minutes. Total magnetic field

anomalies were obtained by subtracting the 1985 International Geomagnetic Reference

Field (International Association of Geomagnetism and Aerononiv, DiviSion I, Working

Group 1, 1986) from the observed values.

Temporal variation. To remove the effect of the temporal variation of the
magnetic field from the survey observations, a Geometrics proton precession
magnetometer model G-856A, with a precision of± 0.5 nT, was deployed sequentially at

three temporary ARGO stations located on the northern Yucatan coast. The locations and

periods of operation of the magnetic base stations are given in Table 3 (see also figure 3).

Table 3. Location and

cruise Yucatan 85.

periods of operation of the magnetic base stations used on

LEG STATION N-LATITUDE W-LONGITUDE OPERATION PERIOD

I MBS-1 21.0436° 90.2838° 3/29/85 4/11/85

2 MBS-2 21.6090° 88.0161° 4/18/85 4/28/85

3 MBS-3 21.5272° 86.8024° 5/14/85 5/27/85
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The mean of each of the three base station data sets was subtracted from its

respective series of values, and the result was assumed to be the temporal variation of the

earths magnetic field in the vicinity of the survey. This variation was subtracted from the

on-board total magnetic field anomaly data set on legs 1, 2, and 3.

The nearest permanent geomagnetic observatory, located in San Juan. Puerto

Rico, was recording the geomagnetic field from March 29 to April 4, 1985,

contemporaneous with part of Leg-i of the cruise. Although the San Juan Observatory

was functioning during only seven days of Leg-i. the data were useful in providing a

comparison with the local base station used on Leg-I.

Figure 4 show the temporal variation of the total magnetic field at both the San

Juan Geomagnetic Observatory and the local base station MBS- 1. It is surprising that there

is no discemable time shift between the two data sets. The local base was located 24° of

longitude west of the San Juan Observatory. The records are remarkably similar,

particularly the short period variations.

Figure 5 is an histogram of the intensity of the earth's magnetic field as recorded at

the San Juan Geomagnetic Observatory from March 29 to April 4. Figures 6, 7, and 8 are

histograms of the intensity of the earth's total magnetic field as recorded at the magnetic

base stations during legs 1, 2. and 3 respectively.

A correction was not applied to magnetic data obtained during Leg-4, on the

eastern side of the Yucatan Peninsula, because no base station was deployed and the San

Juan Observatory was later found to be not in operation during that period.

C rossi ii g discrepancies. The calculated differences between measurements

made at trackline intersections are used as a typical measure of the quality of a survey.

Figure 9 and 10 show histograms of crossing discrepancies for both uncorrected and

corrected magnetic data. The RMS value of the crossing discrepancies for the corrected

data was 10.2 nT. This value shows a 40% improvement in the quality of the data when

compared with 17.2 nT for the uncorrected data.
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CONTOUR MAPS

Bathymetric-Topographic Ma p. The bathymetric-topographic contour map

shown in Figure 11 includes the following data sources: Offshore, the cruise Yucatan 85

bathymetric data. Rosencrant: (1986), Schiager et al. (1984), and bathymetric Charts

CM-003 and CM-004 (Anon. Secretarla de Programación v Presupuesto, Dirección

General de Geografla. Mexico, 1986); Onshore, gravity station elevation data from the

Defense Map Agency were supplemented with 5-minute digital terrain data from the

National Geophysical Data Center. The offshore data were hand contoured and the

onshore data were machine contoured.

The Yucatan peninsula and shelf constitute a major geomorphologic unit which is

bounded by steep escarpments along its northern, eastern, and western margins. This

unit is commonly refered to as the Great Carbonate Bank of Yucatan (Viniegra 1981).

The Yucatan peninsula is bounded to the south by an east-west oriented mountain

belt which extends from the Chiapas Massif in Mexico through the Arco de Ia Libertad in

Guatemala and Belize. North of the Mexican-Guatemalan border, between Chetumal and

Ciudad del Carmen, a gentle range rises up to 200 m above sea level. It extends to the

north with a gentle slope on undulating terrain and tenninates in short, fault-controlled

scarps. the most prominent being the Ticul fault (see Figure 15). This is a west-northwest

oriented normal fault with the footwall down to the northeast. The coastal plain continues

to the north and east and is only a few meters above sea level.

Offshore the shelf has been subdivided into several physiographic units. The

Campeche bank consists of a smooth, north-trending inner zone which extends from the

shore-line to the 60 in isobath. and an outer irregular zone in the north central shelf which

extends from the 60 m isobath to the 200 m isobath. On the eastern side of Campeche

Bank the shelf is cut by a north-south oriented intra-shelf escarpment which separates the

Campeche Bank from the Campeche Terrace and the Catoche Bench. This suggests that a

series of faults disrupt the Campeche Terrace. the Catoche Bench and the Catoche tongue.

To the east, north, and northeast the Carnpeche Escarpment separates the shelf from the

abyssal Gulf of Mexico. This escarpment is cut by several canyons, the most prominent

being the Catoche Tongue which separates the Campeche Terrace from the Catoche Bench.

East of the Yucatan peninsula. along the Yucatan Borderland, the shelf is nearly absent.

and the region is characterized by high relief, linear, hut discontinuous ridges arid troughs

that parallel the shoreline. Further east, the Yucatan Borderland Escarpment extends
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in a northeast direction to the Cuban margin and separates the Borderland from the abyssal

Yucatan Basin in the Caribbean Sea.

(ravitv anomaly map. The gravity map shown on Figure 12 provides free-air

gravity anomalies offshore, and simple Bouguer anomalies on land. It was compiled and

hand contoured by Alvarado-Omaña (1986), and includes the cruise Yucatan 85 free-air

gravity data supplemented with simple Bouguer and free-air gravity anomaly data obtained

from the Gravity Service Branch of the U. S. Defense Map Agency.

The large contrast in density between sea water and the underlying rocks and

sediments causes the contours of free-air gravity anomalies to generally follow bathymetric

features. However, where the contours do not follow bathymetric features we may expect

lateral changes in basement structure and/or sediment thickness.

To the east, in the Mexican Caribbean area, the Yucatan Borderland is
characterized by a complicated pattern of gravity highs and lows which are parallel to the

coastline. In this area the Quintana Roó gravity high is bounded on the west and east by

the Quintana Roó and the Yucatan Escarpment gravity lows respectively. The Yucatan

Escarpment gravity low, which extends along the base of the Yucatan Escarpment.
reaches -80 mGal, and reflects the abrupt change in water depth from the continental
margin to the abyssal Yucatan Basin. The central Quintana Roó gravity high is partly

discontinuous, ranging from -20 to 60 rnGal, and correlates with a series of elongate
bathymetric ridges. The more continuous Quintana Roó gravity low extends from east of

Cozumel Island to the Tumeffe Island and shows no correlation with bathymetric features.

It indicates the presence of a narrow basin.

On the western side of the Yucatan peninsula simple Bouguer and free-air gravity

anomalies are typical of a normal continental crust in isostatic equilibrium. Gravity

anomalies range from -12 to 20 mGal with an average value close to zero. The dominant

features in this area are the Mérida and the Valladolid gravity lows.

On the eastern side of the peninsula, the Isla Mujeres gravity high reaches up to

100 mGal, the maximum gravity value in the region. It extends offshore north of Canciin.

The Isla Mujeres, the Catoche, the Campeche Terrace, and the Tampalam gravity highs

suggesting a continuous feature.

The remarkable difference between the gravity anomalies on the eastern and the

western Yucatan peninsula and shelf may be caused by an abrupt change in crustal
thickness, with thinner crust beneath the eastemmost margin. Case (I 975). in interpreting
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the Bouguer anomalies on the Yucatn Peninsula, suggested that normal continental crust

is dominant on the west, and that oceanic crust underlies the eastern continental margin.

West and north of the Campeche Bank. the Campeche Canyon and the Campeche

Escarpment gravity lows reflect the abrupt change in water depth from the continental

margin to the Campeche Canyon and the abyssal Gulf of Mexico. Over most of the outer

Campeche Bank local gravity maxima and minima are correlated with bathymetric features.

Exceptions to this pattern are the Banco Nuevo gravity high east of the Campeche Canyon.

the southern portion of the Alacrán gravity high in the north-central shelf, and the

Campeche Terrace gravity low on the northwestern part of the Campeche Terrace. These

features are probably related to lateral changes in crustal density.

1agnetic anomaly 1ap. Diurnally corrected marine magnetic data from the

cruise Yucatan 85 along with aerornagnetic data over the Yucatan peninsula adapted from

López-Rárnos (1975), were used to produce the total-field magnetic anomaly map shown

on Figure 13. The intensity of the earth's magnetic field in this region ranges from 45000

to 46000 nT, with a declination of 4° east, and inclination ranging from 50° to 55°, down

to the north.

The magnetic anomalies consist of the superposition of long and short wavelength

anomalies. in general the long wavelength anomalies show neither the consistent trend nor

the dipole signature that might be expected from the induced magnetization of crustal blocks

by the earth's magnetic field. Short wavelength magnetic anomalies are prominent near

Progreso and Cancün. Several magnetic provinces can he recognized on the basis of the

amplitude, shape. horizontal extent, and local anomaly relief and general intensity level.

The Valladolid magnetic low is approximately 100 km wide and extends to the

northeast for more than 300 km. Within this regional minimum several short-wavelength

dipoles appear to be produced by normally magnetized crust in the direction of the present

field. The low amplitude of the magnetic anomalies and the coincidence of this magnetic

province with the Valladolid gravity low, suggest that a thick sedimentary sequence covers

a low relief magnetic basement probably consisting of low density volcanic material of

intermediate petrologic composition.

To the south the Valladolid low is hounded by the Copeichen and Chetumal

magnetic highs. It is not clear whether those magnetic highs and the southern portion of

the Valladolid magnetic low should he treated as two independent, long wavelength.

magnetic units with dipole signature. The abrupt change in direction of the gradient at the
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northeastern corner of the Copeichen high suggests faulting of a normally magnetized

block-like structure.

Offshore, west of Progreso, there occur several northwest oriented magnetic
lineatiuris, with alternating belts of positive and negative values. From those lineaments

the Celestun magnetic high and the Mérida magnetic low extend more than 300 km. The

remarkably linear gradient which separates these features suggests the junction of two,

magnetically different terranes. The Celestun magnetic high is coincident with the
southeast extension of the Banco Nuevo gravity high. Similarly, the Mérida gravity high

and magnetic low are coincident.

East of 88° longitude, a north-south magnetic lineation more than 400 km long,

separates a eastern region of positive, intermediate wavelength anomalies from a region of

long wavelength, negative anomalies to the west. Correlations with gravity anomalies in

this area are not apparent.

East of Alacrán reef the gradient of several long wavelength magnetic anomalies,

with dipole signature, are coincident with the axis of the southern portion of the Alacrn

gravity high. This suggests the presence of a large and deep magnetic structure which

locally rises.

Short wavelength magnetic anomalies, of high amplitude and variable orientation,

comprise the region surrounding Progreso where andesites have been found in the
driliholes Chiculub, Yucatán-6, and Zacapuc at an average depth of 1 .3 km. A similar
grain in anomalies characterizes the region east and northeast of Cancün suggesting a

similar type of volcanic source, perhaps somewhat deeper northeast of Cancün.
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STATISTICAL MODELS
AND DEPTH TO MAGNETIC SOURCES

The interpretation of magnetic anomaly maps has always been a challenging area of

geophysical research. Complications arise due to lack of knowledge concerning the

geometry and magnetization of the perturbing body, and from the inherent ambiguity

affecting interpretations of any potential field data. An anomaly can be produced by an

infinite number of magnetic distributions, hut only a small number of these are

geologically reasonable. The simplest, geologically reasonable model is the least

subjective and therefore the most desirable.

Magnetic anomalies are produced by variations in the magnetization distribution in

the earth's crust, ultimately bounded at the top by the surface of the earth, and at the

bottom by the Curie-point isotherm surface appropriate to a particular magnetic mineralogy.

Because lithologic variations cause changes in the kind and proportion of magnetic

minerals, magnetic anomalies may be used to aid geologic mapping by providing

information regarding the structure and distribution of major rock units, an evaluation of

sediment thicknesses, a defmition of features of the magnetic basement, and an estimate of

the Curie-point isotherm depth. But the problem of quantitative analysis is complex and

subject to many pitfalls.

Quantitative techniques to interpret magnetic anomalies may be divided into two

kinds, those that examine the shape of isolated magnetic anomalies, and those that

examine patterns of magnetic anomalies. In the case of isolated magnetic anomalies,

when some constraint about the source geometry is available, a simple geometrical model

(i.e., sphere, cylinder, or prism) can be used to reproduce the magnetic anomaly

produced by the geologic structure of interest. Unfortunately, isolated magnetic

anomalies rarely occur, and modeling may require a large computational effort,

particularly when no additional constraining information is available. In the case of large

compilations and complicated patterns of magnetic anomalies the emphasis is placed in

trying to obtain representative values for some parameters of interest, such as the average

depth to the magnetic basement, and the thickness of the magnetic crust.

In this study I used the statistical approach developed by Spector and Grant (1970)

to estimate the average depth to the magnetic basement in the northern continental margin of

the Yucatin peninsula. A brief outline of the fundamentals of this technique is given in the

following paragraphs.
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STATISTICAL MODELS

The expression for the power spectrum of the total field magnetic anomaly
produced by a single rectangular prism, buried at a depth h, of thickness t, length a,

width b, and arbitrary magnetization M, was derived by Bhattacharyya (1966) as a
function of the wavenumbers u and v, in the x and y directions. Spector and Grant (1970)

generalized that expression by assuming that the anomalies on a magnetic map are due to

one ensemble of vertical prisms. We can imagine the ensemble as a collection of points in

an n-dimensional parameter space, where each point corresponds to the parameters of one

prism. The ensemble is assumed to be characterized by a joint probability distribution on

the ensemble parameters (h, t, a, b, I, D, and NI), where I and D are the inclination and

declination of the geomagnetic field. Further assumptions are that those parameters vary

independently from one another, and that the probability distribution for each parameter is

uniform. Thus the ensemble average power spectrum of the magnetic map in polar
coordinates is

(E (r, 9)) = (K)2 (RB(9
))2

(RM(9))2 (H(r))2 T(r))2 (s (r, 9))
2

where <>stands for the ensemble average,

K= magnetization per unit depth

r = u2 + v2 is the magnitude of the wavenumber vector,

9= arctan (v/u),

RB = factor for the geomagnetic field direction,

RM = factor for the magnetization direction,

S = factor for the horizontal dimensions,

H = factor for the depth to the top,

and T = factor for the thickness.

The approach outlined above includes additional assumptions (Shuey er al., 1977;

Connard et al., 1983):

(1) the magnetic anomaly field is a particular realization of the ensemble;

(2) the magnetization is zero except in discrete, unifomily magnetized bodies randomly

located;

(3) the coordinates of body centers are statistically independent of the other body

parameters; and



(4) the magnetization direction is approximately parallel to the geomagnetic field

direction.

Equation I is simplified by taking the radial average of the ensemble average power

spectrum and normalizing it with respect to its value at r=0. According to Spector and

Giant (1970) the main contribution to the shape of the spectrum is due to the ensemble

average depth, and for values of r which are < 1/h the ensemble average power spectrum

simplifies to

H2=(e2e21 (2)

and its natural logarithm approximates a straight line whose slope is -21i, where h

is the average depth to the top of the ensemble.

Based on these ideas, the power spectra of magnetic anomalies observed over

hounded areas have been used by several authors (Smith eral., 1974; Shuev etal., 1977:

Bofer, 1978: Connard, 1979: Me/am, 1982 Connard er al., 1983; Foote, 1985:

Sánchez-Zamora, 1988: Biakelv, 1988) to estimate not only the average depth to the top

of the magnetic crust, but also the average depths at the interface between two magnetically

different media.

In addition, the depth to the base of the magnetic crust, which can be interpreted as

the depth to the Curie isotherm, is estimated from an implicit relationship between depth.

thickness, and the position. rm, of the spectral peak, which is given by:

rnax
I Ln(U (3)

(d+h) h

where d t+h (Boler, 1978).

I)EPTJ1 To M1(;NETl(: SOURCES

The magnetic anomalies of the northern continental margin of the Yucatin peninsula

were interpreted following the methods used by Connard er al. (1983), and Sanchez-

Zamora (1988). They analyzed spectral information contained in subregions of magnetic

anomaly maps by assuming that the main contribution to the shape of the spectra is the



effect of the depth to the magnetic sources. For the Yucatan data I have used their
methodology and performed the following steps:

1. Magnetic data er gridded, using the minimum curvature algorithm of Briggs

(1974) at a sampling interval of 1 km. on a Universal Transverse Mercator projection for

the Yucatan shelf, from 21° to 25° north latitude, and from 86° to 93° west longitude.

2. The gridded data were divided into 34. 50 percent overlapping square sub-

grids, each 128 km wide.

3. Each sub-grid was detrended to remove the mean and the trend by taking Out the

first order surface that best fit the data in the least-squares sense.

4. Edges of sub-grids were tapered by applying a 10 point cosine bell to damp

discontinuities at the edges. zeros were appended beyond the grid edges to obtain sub-
grids of 256 by 256 samples.

5. A two-dimensional Fourier transform was calculated for each subgrid. From

these the two-dimensional power spectrum was calculated and simplified to a one-
dimensional radial spectrum by averaging values within rings concentric about the spectral

origin and normalizing with respect to its value at r=0.

6. The natural logarithm of the one-dimensional power-density spectrum was

plotted as a function of the radial wavenumber, and selected portions of the spectra -those

that behave linearly- were fitted, in the least squares sense, by straight lines. Their slopes

are assumed to he proportional to the average depth to the top of the magnetic sources.

7. The depth to the base of the magnetic crust was determined using the average

depth to the deepest magnetic horizon and the position of the spectral peak.

Knowledge of the regional geology may help in deciding how many linear
segments in the spectra provide meaningful information. Although little is known about the

deep magnetic structure in the Yucatan region, drillhole information in the Mérida area

indicates the presence of andesites at around 1.3 km depth, as short wavelength magnetic

anomalies both onshore and offshore may also indicate. I used at least three linear
segments to interpret the spectra. Therefore, the calculated average depths to the top of the

magnetic horizons were classified into three categories: shallow, intermediate and deep.

Plots of the spectra, along with their interpretation, are provided in appendix C. Table 4

summarizes the results, and Figure 14 shows the geographic location of the grid centers.
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Table 4. Average depths to the shallow, intermediate and deep magnetic
horizons, and depth_to the base of the magnetic crust in km below sea level

Grid Shallow Intermediate Deep Base
1 1.72 5.89 14.89 23.79
2 1.65 5.94 11.37 29.77
3 2.05 5.44 12.24 14.85

4 2.50- 1.16 6.02- 5.08 11.54 29.34
5 1.48 6.04 13.41 26.21

6 1.88 5.28 9.99 31.99
7 2.46 5.26 12.18 14.68

8 2.43 7.12-5.52 12.18 14.38

9 2.34 7.13 -4.36 15.54 9.48 15.54

10 1.48 5.73 14.33 24.33
11 2.08 5.60 24.34 24.34
12 2.45 6.08 21.43 21.43
13 2.88 6.05 11.44 28.94
14 3.45 5.21 7.83 20.93
15 2.30 5.23 10.93 29.93
16 2.03 6.00 12.56 27.06
17 2.00 5.64 14.62 23.92
18 2.43 6.16 17.79 20.09
19 2.33 5.94 12.48 26.98
20 2.65 5.52 .9.99 31.89
21 2.52 5.67 11.46 28.76
22 2.09 5.61 12.90 26.40
23 1.82 6.07 13.36 25.66
24 2.00 6.51 16.39 21.49
25 2.37 5.57 11.73 28.63
26 2.98 5.46 10.55 8.87 32.61
27 2.44 5.21 11.64 [5.34
28 2.20 6.00 12.69 13.79
29 2.61 5.57 15.64 22.74
30 2.68 5.54 17.56 20.26
31 2.33 5.68 14.76 14.76

32 3.49 5.89 17.25 20.75
33 2.72 5.87 13.12 26.12
34 2.85 5.98 15.97 22.17
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DISCUSSION OF RESULTS

To examLie the results of the spectral analysis. the average depths to magnetic

horizons were assigned to the grid centers, each horizon was then gridded and contoured.

These contour maps, which include the seismic velocities at the depth of each horizon,

may he compared with a compilation of significant features on the gravity and magnetic

maps, shown in Figure 15. This compilation suggests that the Yucatan Block consists of

four structural bodies: one on the western margin in the region of the Banco Nuevo,

Celestun, and Copeichen anomalies: a second along the Chetumal, Tarnpalam. Cancun-

Mujeres, and Catoche anomalies: a central block in the region of the Macran and Progreso

anomalies which is limited by the Mérida, Valladolid, and San Felipe anomalies: and a

fourth along the Borderland.

The shallow horizon. Figure 16 is a 200 m contour map of the average depth to

the top of the shallow magnetic horizon . The depth to this horizon ranges from 1 .2 to 3.4

km with an average of 2.3 km BSL.

Offshore Progreso the depth to this horizon is consistent with the depth at which

andesites were reported at the holes Yucatán-6, Chiculub, and Sacapuc, drilled in the
Mérida area. This basement high extends towards the north, from Progreso, up to the

region northeast of Alacrán reef. It constitutes a broad, ridge-like structure where the

basement is shallower than 2 km BSL. This feature is coincident with the western flank of

the Alacrãn gravity high and follows the gradient of the magnetic anomalies.

To the west of Alacrán reef this horizon constitutes a broad, west-east oriented
basin in a region of relatively high free-air gravity values. Depth to the basement lies at

about 2.4 km BSL.

On the eastern portion of the Campeche Bank the magnetic basement trends towards

the east with a gentle slope and reaches a maximum depth of 3.4 km BSL at the
southeastern edge of the the Campeche Bank.

The magnetic basement along the Canipeche Terrace shallows towards the east

from 3.4 km to 2.4 km depth. This change in depth is consistent with the change from

negative to positive values of free-air gravity anomalies. Long wavelength magnetic

minima to the west are consistent with a deep basement. Magnetic highs and lows of

intermediate wavelength occur to the east, where the basement is shallow.
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The lateral change in seismic velocity at the depth of the shallow horizon along the

Campeche Terrace and Campeche Bank suggests a change in the lithology of the magnetic

basement. On the eastern portion of Campeche Bank seismic velocities rang between 5.1

to 5.8 km/sec: on the central portion of Campeche Bank the seismic velocity decreases

towards the east from 5.7 to 4.8 km/sec: across the intra-shelf escarpment this horizon is

within a 4.9 km/sec unit: and along the Campeche Terrace it changes from 4.7 km/sec on

the west to 3.4 km/sec on the east.

The intermediate horizon. Figure 17 is a 250 m contour map of the average
depth to the top of the intermediate magnetic horizon. The depth to the top of this horizon

range from 4.5 km to 6.25 km BSL. There is no obvious correlation between this horizon

and either gravity or magnetic anomalies, and seismic information at the depth of this

horizon is only available on the eastern portion of the Campeche Terrace, being close to the

top of a 5.9 km/sec unit. 9.5 km thick.

The deep horizon. Figure 18 is a 2000 m contour map of the average depth to

the top of the deep magnetic horizon. This horizon ranges in depth from 7.83 km in the

southeast part of the area to 24 km in the south-central region. It resembles the magnetic

anomaly map in the sense that the deepest average depth to magnetic sources, in the range

of 14 km to 24 km located in the central region of the shelf, corresponds to the magnetic

anomalies of largest wavelength. Seismic information at the depth to this horizon is only

available on the eastern portion of the Campeche Terrace, being close to the top of a 6.2

km/sec unit.

Depth to the hase. Figure 19 is a 2500 m contour map of the average depth to

the base of the magnetic crust. The depth to this horizon ranges from 12.5 to 32.5 km with

an average of 23.6 km BSL. There is no obvious correlation between this horizon and

either gravity or magnetic anomalies along the Campeche Bank. On the Campeche Terrace

this horizon shallows towards the east from 25 to 15 km depth. This change is consistent

with the change from negative to positive free-air gravity anomalies, and the depth to this

horizon in the region of seismic station 11 -E (see Table 1) is about 2.4 kin deeper than the

interface between seismic units D and E.
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AN EXAMINATION OF THE SPECTRAL METHOD

Spectral analysis of magnetic anomalies have been used for the last two decades to

infer from large compilations of magnetic anomaly data some general features of the
magnetic crust, and to estimate the depth of the Curie-point isotherm. Some examples of

previous works include:

Spector and Grant (1970), who applied the method in three different geological

settings and interpreted depths to the tops of magnetic crust and thicknesses of sedimentar

sections. These were found to be in good agreement with surface geology and drill hole

information for each setting.

Connard et al. (1983), who generalized a thermal interpretation of the Cascade

Range in Central Oregon based upon spectral analysis of magnetic anomalies. They found

that the High Cascades are underlain by Curie-point isotherm depths as shallow as 9 km

BSL. Their interpretation was consistent with available geologic information and was

supported by heat-flow measurements.

Negi etal. (1983), who used spectral analysis of magnetic anomalies of the Koyna

area of the Mahar&shtra State, India, to derive a three-dimensional block model for the top

of the magnetic crust. Their interpretation conformed well with other geophysical estimates

such as deep seismic and electrical soundings, and gravity.

Okubo etal. (1985). who used spectral analysis of magnetic anomalies as part of a

comprehensive, nationwide evaluation of geothermal resources in Japan. They obtained,

on the island of Kyushu and surrounding areas, a positive correlation between the
calculated Curie point depth. regional geology and heat flow measurements. Because of

the good correspondence between determined Curie point depths and thermal
measurements made at operating geothermal plants and geothermal areas under
development, they concluded that the method is very useful in the assessment of
geothermal resources.

Sdnche:-Zarnora (1988), who used spectral analysis methods on magnetic
anomalies from the northern Gulf of California to identify three magnetic horizons. The

shallow horizon corresponded with the basement as detected by seismic refraction
experiments. Computed depths to the bottom of the magnetized crust average 11.5 km.

Assuming a Curie-point temperature of 580 °C and a thermal conductivity of 2.2 W/m°C the

calculated heat flow averaged 114 mW/rn2. This was in good agreement with heat flow

measurements and drill hole information in the area. Doguin (1989) also infered the
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presence of several magnetic horizons in the same area by using the method of Ta/wani and

l-!eirtz/er (1964).

Blake/v (1988), using spectral analysis methods, obtained quantitative estimates of

the depth to the Curie isotherm in Nevada. He reported a zone of shallow Curie-
temperature, 10 km deep, which extends along the 118°-meridian seismic zone. This zone

is characterized by historic fault offsets and large magnitude earthquakes. According to

Blakely (1988), the correspondence between shallow Curie temperatures, elevated heat

flow, and seismic activity support earlier suggestions of long-term extension iii the area.

In all of the work cited above, results were judged by comparison with other

geophysical interpretations or with geological data, and in each case the results were

geologically reasonable. Our limited geological and geophysical knowledge about the deep

crustal structure beneath the Yucatan north continental margin does not allow a similar,

convincing comparison to assess the reliability of the interpretation.

To obtain a quantitative measure of the reliability of this statistical technique as a

tool in interpreting magnetic anomaly maps, I will next analyze the behavior of the
functions in the expression for the spectrum by considering uniform and Gaussian
probability distributions for depth, thickness and horizontal dimensions. In addition,

synthetic magnetic anomalies will be interpreted following the methodology used in the
previous section.

1111 SPECTRAL ANALYSIS OF MA(;NETIC ANOMALJES

Magnetic grains can be represented as individual magnetic dipoles. From the

perspective of magnetic interpretation, the magnetic dipoles within a rock unit coalesce into

a vector distribution of dipole moment per unit volume M(x, y, z), which we call

magnetization. The total magnetization in a rock is the sum of two components: induced

magnetization i\i, which is proportional in magnitude and generally parallel to the ambient

field I-I, and a remanent magnetization Mr which has a direction and intensity dependent on

the origin and tectonic history of the rock. Consequently

or

= M +

M = + r



41

where X is the magnetic susceptibility of the rock. The starting equation, in SI units, for

most magnetic interpretation techniques (Blake!)' a'id Connard, 1989) provides the total-

field anomaly A at a point outside of the magnetic material M(x, y, z):

A(r) = V dv M(r0)V 1 (4)Ir-rI
j

Integration is accomplished over the region enclosed by the volume v (Figure 20) which

includes all the magnetic material. Unit vector B is in the direction of the regional field,

= 4it x i0 is the permeability of the free space. The units for the quantities used in the

above equation are as follows: Magnetization M is in Ampere per meter, .to is in Ohm

seconds per meter, and A (the B-field) in Volt seconds per m2 or Webers per m2, which

in SI units has the name Tesla (T). In Equation 4

and

a . a. aBV = coslcosD+coslsmD--+sml
ax ay

MV=
az

4i and X are, respectively, the inclination and declination of the magnetization vector, and I

and D are the inclination and declination of the regional magnetic field.

p(x, y, z)

Figure 20. General geometly in the quantitative interpretation of magnetic anomalies



Bhattacharvva (1966) reformulated equation 4 in the Fourier domain for the case of

a magnetic anomaly produced by a rectangular, vertical sided prism, buried at a depth h,

of thickness t, length a. width b, and magnetization M. A remarkable feature in the
expression for the spectrum is that functions related to the geometry of the prism, the

magnetization, and the earth's field appear as separate factors

where:

F (r, ) = K RB(9) RM(0) S (r, 0) H(r) T(r) (5)

K= abM
2it

RB(0)=sinl+icOSJSjn(D+0)

RM(0) = sin 4) + i cos 4) sin (X + 0)

sin2(a0r cos 0) sin2(b0r sin 0)S(r, 0)=
a0r cos 0 b0r sin 0

H(r) = e hr and T(r) = I e tr

o = arctan(v/u), where u= r cosO and v= r sine are wavenumbers in the x and y directions:

a0=a12, h0=b/2. r2= u2 v , RB is related to the geomagnetic field direction. RM to the

direction of the magnetization. S is a geometrical factor which depends on the horizontal

dimensions of the prism, and i= 1

Data processing. A number of simplifications to Equation 5 are implicit in the

standard data processing techniques used to obtain the radially-averaged power-density

spectrum.

The Equation 5 can he simplified by reduction to the magnetic pole. That is, by

dividing by the factors corresponding to the magnetization direction and to the earth's field

direction.



F(r, 9) =
F(r, 9)

R8(9: I, D) RM(9; , X)
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The power spectrum is obtained by multiplying the complex spectrum reduced to the pole

hy its complex conjugate, that is

E (r. 0) = F(r. q) F(r, q. (6)

The power spectrum is radially averaged to eliminate the 0 dependence, and normalized

with respect to its value at r=O to eliminate the constant factor K. The result is the radially-

averaged power-density spectrum.

Perhaps the most critical of the previous simplifications is the reduction to the

magnetic pole. It is performed on magnetic anomalies to eliminate their dipole features

(which are caused by the earth's magnetic field and source magnetization directions) in

order to obtain a magnetic anomaly which is geometrically centered over its source. When

magnetic anomalies are located at high magnetic latitudes, this transformation is not

usually performed. Sometimes it is carried Out by assuming induced magnetization.

If the magnetization direction is reasonably well known in a magnetic province.

reduction to the magnetic pole is a very useful technique in map interpretations and
facilitates correlations of magnetic anomalies with gravity anomalies. However, the

magnetization direction is usually poorly known, and reduction to the magnetic pole may

lead to unpredictable results. It is possible to show (see appendix A) that the radial average

of the power spectra eliminates the dependance on the earth's field direction as well as the

direction of magnetization in the prism. The radially averaged power spectrum is

E (r) = K2 H2(r) T2(r) [c0 + ci 2(r)] (7)

where C0 and C1 are constants, and

:lt

IdOS(r, e)
2rt

J

That is, without reduction to the magnetic pole, the radially-averaged power-

density spectra of magnetic anomalies produced by one prism placed at different geographic

locations will differ by just a constant factor.



To illustrate this, I computed the radially-averaged power-density spectra of the

total-field magnetic anomaly map produced by a vertical-sided prism placed at three
different locations: One is at the magnetic pole, the second is at the magnetic equator, and

the third is at an intermediate location. These nd subsequent numerical spectra were
obtarned as follows:

1. The numeric total-field magnetic anomaly was computed from the

Bhartacharvva's (1980) solution to Equation 4, in the Cartesian coordinate system,

for a vertical sided prism (Figure 21). It is given by the following Equation

A(p)= -!- (B1coscosX+B2cossinX+B3sin4) M (8)

In equation 8.

B1 =''- ln( r0

M ln ( r0 + Ii) L tan' I

1''

1Ub 113b

2
\r0 + i) \a+r0h + h2/J h U

B2 I hl(ro 1)
L in ( r0 + h) - Mtaii1 (

a i \ Ih lub Ib
2 r0 + U1 r + r0h (/1 h a

I +Ntan1(_!__±)k Ihh lab 1IhB' th(ro-cLI) + L
2 r0 + U1 2

\r0 + 13i
r0 h 'h 'Ota 13a

where: L, M, and N are the direction cosines of the regional field, given by:

and.

L = cos I cod D, M = cos I sin D, iV = sin I

U N. (X(j= (Y- x. Oi N

i3d1aY' uPhY

r()- U + J32 + ( h z 2
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a

13a

h

h
b

Figure 21. Prism geometry and its relationship with equation 8.

2. The Fourier transform of those numeric anomalies was computed using a two-

dimensional discrete Fourier transform, and the power spectrum was obtained by
multiplying the complex spectrum by its complex conjugate

3. The power spectrum was simplified to a one-dimensional radial spectrum by

averaging amplitude values within rings concentric about the spectral origin.

4. The radially-averaged spectrum was normalized with respect to its value at r0.
and its natural logarithm was obtained.

The field and source parameters used in this example are listed in Table 5. The computed

synthetic magnetic anomalies and their respective spectra are shown in Figure 22.

Table 5. Field parameters used to generate synthetic magnetic anomalies and to show the

independence of the radially averaged power-density spectra from the regional field and

magnetization directions. The prism parameters were: h 2. t= 3. a=5, and b= 5 km.
Magnetization is in SI units.

Location I D M

At the Pole ft ft 0.060
lnteniiediate 450 ft ()0 340° 0.045
At the Equator (F (J) ft (F 0.030
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Figure 22. Magnetic anomalies produced by the same source, but placed at three differ-
ent locations: (a) is at the north magnetic pole, (b) is at the magnetic equator, and (C) is
at an intermediate location. The radially-averaged power-density spectra of those anom-
alies (d) are independent of the earth's magnetic field and the magnetization direction.



Even when the magnetic anomalies shown in Figure 22 are substantially different.

their spectra are essentially the same, differing only by a constant. This is important from

an interpretational point of view. It guarantees that without reduction to the magnetic pole

the radially-averaged power-density specmm depends only on the source geometry.

STATISTICAL MODELS

In applying the spectral analysis technique it is assumed that the mapped magnetic

anoiiialy field is a particular realization of one ensemble of rectangular vertical-sided

prisms. Each prism is uniformly magnetized, and they are randomly located. The
ensemble is characterized by a joint frequency distribution D on the parameters of the

ensemble. Thus the ensemble average spectrum of the magnetic anomaly produced by the

ensemble is

KF(r, e))=
f

dV (h, t, a, b, B, M) Fir, e) (9)

where K ) stands for the ensemble average, and integration is carried over the 6-
dimensional space defined by the ensemble parameters. If we let the parameters in
Equation 9 vary independently, integrals can be separated and solved independently by

assuming a probability distribution for each of the parameters. With this assumption, the

ensemble average spectrum can be written as

F(r, o))= K) (H(r:h)) (T(rt)) RB(0)) (Re)) (S(r, 0)) (10)

In the following sections 1 will develop the analytic expressions that result from

considering uniform and Gaussian probability distributions for the factors in Equation 10.

The ensemble average magnetization. Let us assume that the bodies have
magnetization vectors whose magnitudes are uniformly distributed in the range M0 ± AM.

Thus the ensemble average magnetization is

M0 + M

I dlvIN4=M, (Ii)
2 AM

M



48

The ensemble average geomagnetic direction. Let us assume that the
inclination and declination of the geomagnetic field vary within the range 10±Al and D0±AD

respectively. Thus the ensemble average direction of the geomagnetic field is

L+LM D0+iM)

( d sin i + i cos i sin (D +
4AI.AD

J J
L-M D.-SD

= sin i sin Al + cos L sin (D0+8) Sjfl Al sin AD
Al Al AD

As long as the direction of the geomagnetic field does not markedly change within the area

of study ( Al and AD are small) the above solution simplifies to

(RB(e) sin i, + i cos i, sin (D0+o) (12)

The ensemble average magnetization direction. Let us assume that the

inclination and declination of the magnetization vectors of the prisms in the ensemble vary

within the ranges , ± A and X ± AX. Thus the ensemble average magnetization
direction is

+ø

(Ro))= I I dø Isin+icos sin(X+O)
4A4AX.

J J
-M -\A

RO) in0------ +icos0sin(X0+O)
sinA ix (13)

A4 AX



The ensemble average depth. When the depth to the top of the ensemble is
uniformly distributed within Ii ± Ah, the ensemble average depth is

[(H(r)] I dh e hr e
sinh (r Ah)

(14)
2Ahj rAh

h-h

The power spectrum will contain the square of this expression, and its natural

logarithm is

Ln [H(r] = 2hr + 2 Ln
[s (rAh)1

(15)
rAh

When the depth to the top of the ensemble has a Gaussian distribution, with mean

h0 and variance o)2, the ensemble average depth is

00

Idh e1r e(ho)2/2=eot+(r2)/2 (16)
h27t

3

The power spectrum will contain the square of this expression. and its natural

logarithm is

Ln [H(r)j= 2h0r + r2 o)2 (17)

Figure 23 shows the natural logarithm of the squared ensemble average depth as a

function of the inverse wavelength (r/2it) for a uniform probability distribution with
parameters ( h= 5 km. Ah= I km), and for a Gaussian probability distrihution with
parameters (h0= 5 km. 2= 1 kin). For comparison, they have been plotted together

with the logarithm of the depth function for a single prism for h= 5 km. It is important to

note that the slope of the ensemble average depth. whether the probability distribution is

uniform or Gaussian, is less steep than the slope of the depth function. From an

interpretational point of view this means that when the ensemble range in depth Sb or

variance h2 becomes large the calculated average depth will be underestimated.
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Figure 23. Comparison of the ensemble average depth for uniform and
Gaussian probability distributions. The uniform was generated with h= 5
and L\h= 1 km, and the Gaussian with h0= 5 and (h =1 km. Both dis-
tributions yield a less steep slope than the depth function as either Ah or
Yh increases.
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The ensemble average thickness. When the thickness is uniformly
distributed within t ± At, the ensemble average thickness is

iM

fdt (I e-tr) = i- e (t) (18)
2At 3 rAt

Lt

The power spectrum will contain the square of this expression, and its natural logarithm is

Ln [rnr)]=2 Ln 1etr s(rAt)
, ro (19)

When the thickness of the ensemble has a Gaussian distribution with mean to and
variance the ensemble average thickness is

dt(l er) e(tt&2/2t2 Ietort2t2)/2 (20)

The power spectrum will contain the square of this expression. and its natural

logarithm is

Ln [(Tr))2= 2 Ln [1 e tr+( r22)/2 (21)

Figure 24 shows the natural logarithm of the squared ensemble average thickness as

a function of the inverse wavelength (r/27t) for a uniform probability distribution with
parameters (t= 20 km, At= 2 km), and for a Gaussian probability distribution with
parameters (t0= 20 km. 2= 2km). A characteristic of these functions is their asymptotic

approach to zero for wavelengths greater than t. and to -co when r approaches zero. Both

distributions produce equivalent ensemble averages. They are bounded by the thickness

function with parameter t= 18. and t= 20 km. The principal contribution of those
functions is in the very large wavelength range. As the thickness becomes large the slope

of those functions becomes steeper and approaches zero more quickly.
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Figure 24. Comparison of the ensemble average thickness for uniform
and Gaussian probability distributions. The uniform (circlçs) was gene-
rated with T= 20 and At = 2 km. and the Gaussian (central line) with
td= 20 and O = 2 km. Those are bounded by the thickness function with
parameter t= 18 and 22 km. Note that for wavelengths greather than 20
km all functions are zero.
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The ensemble average horizontal dimensions. Assuming that the
horizontal dimensions (hereafter called the size) of the model are uniformly distributed
within the ranges ä ± M and h0 ± Ab. the ensemble average horizontal dimensions is

S (r, 9)) 1

I da0 sinc (a0 u) ( db0 sinc (h0 v)
4AaAb J j

a b0- L\b

which can be written as

a0+La

I da0 sinc(a0u) da0 sinc(a0u)

4AaAb\J j
I

() ()

b,+ h

k1

(lb0 smc(b0v)
-J

In terms of the Sine integral which is given by

Si(x)= J5II1YdY

it may he expressed as

S (r, e))=
Si [u( + Aa)J Si Iu(a0 Aa)l

2 u Aa

(lb0 sinc (b0 v)

Si[v(h0 + Ab)] - Si Iv(b0-Ab)1

2 v Ab
(22)

/
i\2

and the contribution of the ensemble average size to the power spectrum is \ S rM i . Its

radial average is
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(S(r)= Je [SircosO(äo+Aa)] -si[rcoso(-Aa)11 2

2 Aarcos9
0

rSrsine(bo+Ab)1 -Si [rsin9(b0-Ab)12
(23)

2 AbrsinO

Numerical integration (Gautshi and Ca/ui, l972 Sneddon, 1980) of both the size
function and the ensemble average size, as given in Equation 23, provides a way to
quantify their contribution to the radially-averaged power-density spectra of a single prism

and an ensemble of prisms.

The size functions for a single prism with a b= 4, 5, and 6 km is shown in

Figure 25. An important feature to note is that relative minima occur at characteristic
wavelengths, multiples of a. Figure 25 is also used to compare these results with the

ensemble average size, for uniformly distributed horizontal dimensions within 4 a 6.

and 4 b 6 km . The curve for the ensemble average size closely follows the size
function for a= 5 km at large wavelengths, and the first minimum is displaced towards the

short wavelength range.

Figure 26 shows the logarithm of the ensemble average size of an ensemble of
prisms with mean size a= h= Aa= Ab= 1, 2, 5, 10, 20, and 40 km. An interesting

feature of these curves is that the slope becomes more steeper as the horizontal dimensions

increase. Also, because the ensemble average size function has been calculated over a very
large range (i.e.. 0 a 2a) there is no relative minimum at characteristic wavelengths of

a, however, the curves show an inflection point at the characteristic wavelength. This

wavelength will be referred to subsequently as the dominant size in the spectrum.

l'he radial average of the ensemble average power spectrum. The

ensemble average power spectrum is

\E(r. o)) F (r, OF* (r, o))

where the asterisk indicates complex conjugate. The next step is to obtain the radial
average, which is given by
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Figure 25. Comparison between the size function and the ensemble average
size for a uniform probability distribution. The size function was generated
with a= h= 4, 5,and 6 km, and the ensemble average size (circles) was ge-
nerated with 1= b= 5 and a= \b= 1 km.



56

-2.5

-5.0

(ID

V
- -7.5

-10.0

-12.5

-15.0

0.0 0.1 0.2 0.3 0.4 0.5

kni
-1

Figure 26. The ensemble average size for a uniform probability distribution.
As the range in horizontal dimensions increases, the slope becomes steeper.
This figure shows the ensemble average size with parameters ã= b= Aa= Lb
1, 2, 5. 10. 20, and 40 km.
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(r))2 (r))2 (R(0)) (RM(0))2 (S(r, 9) (24)

As in the case of a single prism, it is also possible to show (see appendix B) that the radial

average of the ensemble average power spectrum is

((r)) = (K)2 (H(r))2 (T(r))2 [c0 + C1 (r))2] (25)

where C0 and C1 are constants, and

(r))2= Jde (S(r,9)

After radial averaging and normalization by its value at r=O, the natural logarithm

of the ensemble average power spectrum will depend upon functions which describe the

distribution of depth, thickness, and horizontal dimensions in the ensemble, and a

constant.

The size correction. It is commonly held that, although the main contribution

to radially averaged power-density spectra comes from the ensemble average of the depth
function, the depths to magnetic sources can be overestimated. I wish to determine
through testing using numerical spectra, by how much the depth may be overestimated.

I will show in the next examples that in order to obtain reliable estimates of the

depths to magnetic sources it is necessary to correct the spectra for the effect of the size

function. Figure 27 shows the result of eliminating the effect of the horizontal dimensions

(i. e., the size function) (with parameters a= b= 5 km) from the radially averaged power-

density spectrum due to a single prism with a= h= 5, h=2, and t= 5 km. When this
correction is made, the shape of the spectrum depends only upon the depth and thickness

functions. The depth function is the dominant of the two, so the spectral decay is
remarkably linear and gives a convincing estimate of depth to the magnetic source. If we
compare the spectrum with the straight line that corresponds to the depth function with h=2

km, it becomes evident that the uncorrected spectrum decays iii a nonlinear form, mainly
controlled by the size function.
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Figure 27. Correcting the spectrum for the effect of the source horizontal
dimensions. The original spectrum is due to a prism with parameters a= 5,
h= 5, h=2, t= 5 km; 1= 90°, 4= 90°, D= 0°, k.= 0°, and M= 0.3 SI units.
The size correction parameters were a= b= 5 km. Compare the slope of the
depth function with h= 2 km and the slope of the size-corrected spectrum.
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Two-dimensionality in the geometry of the source is another important point to

consider. I have calculated the radially-averaged power-density spectrum due to a prism
with a5. b=50, h=2, and t=5 km. This is shown in Figure 28. The first relative
minimum indicates that the dominant size in the spectrum corresponds to the shortest
dimension. After eliminating the effect of the size function (with parameters a 5 and b=
So km) the corrected power-density spectrum, although noisy, can be interpreted to give a
depth to the top of the source close to 2 km.

Next. I wish to interpret the mapped magnetic anomalies produced by a number of

non-overlapping prismatic sources. Two cases will be considered here. In the first case,

Model I. the magnetic anomaly map was generated using twelve prisms randomly located,

with horizontal dimensions ranging from 5 to 20 km. for all prisms the depth to the base
was 10 kin and depth to the top was 5 km. Table 6 lists the model parameters and Figure

29 shows the magnetic anomaly produced by model I. In the second case the geometry of
the prisms was the same as in the previous case. The depth to the base of all prisms was
10 km. but the depth to the top ranges between 3.5 to 6 km. Table 6 lists the model
parameters and Figure 30 shows the magnetic anomaly produced by model II.

Table 6. Parameters used to generate the magnetic anomalies in models I and II. Al] units
are in km. Field parameters were: 1= 45°, D= 0°, f= 45°, 1= 0°, and M= 0.225 SI units.

Prism Length (a) Width (h)
Model I

Depth (h) Thickness (t)
Model II

Depth (h) Thickness (t)

5 5 5 5 3.5 6.5
2 5 10 5 5 4.0 6.0
3 20 10 5 5 4.5 5.5
4 10 20 5 5 5.0 5.0
5 20 20 5 5 5.5 4.5
( 5 5 5 5 6.0 4.0
7 10 5 5 5 6.0 4.0
8 10 5 5 5 5.5 4.5
0 5 10 5 5 5.0 5.0
10 10 20 5 5 4.5 5.5
II 10 10 5 5 4.0 6.0
12 10 10 5 5 3.5 6.5

Average JO /0.8 5 5 4.75 5.25
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Figure 28. Correcting the spectrum for the effect of the source horizontal
dimensions. The original spectrum is due to a prism with parameters a=5,
b=50, h=2, and t=5 km; 1= 45°. 4)= 45°, D= 0°, A= 00, and M= 0.225
SI units. This spectrum was corrected for a size-function with parameters
a= 5, and b= 50 km. Compare the slope of the size-corrected spectrum
and the slope of the depth function for h= 2 km.
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Figure 29. Magnetic anomaly map produced by model I. The contour interval is 25 nT.
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Figure 30. Magnetic anomaly map produced by model II. The contour interval is 25 nT.
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Figure 31 shows the radially-averaged power-density spectrum of Model I. If we

assume that the dominant factor is the depth to the top of the ensemble, we obtain two
average depths of 6.21 and 8.37 km. This is an overestimation by about 50 per Cent with

respect to the true 5 km depth. From the spectrum we interpret a relative minimum that

corresponds to a dominant size of 9.11 km. Correcting the spectrum for this size produces

a less steep slope which corresponds to an average depth of 4.25 km which means a
smaller underestimation of about 15 per cent.

Figure 31 shows the radially-averaged power-density spectrum of model II.
Assuming that the dominant factor is the depth to the top of the ensemble, we obtain

average depth at around 7.62 km from the first slope and 4.82 km from the second slope.

From these results only the second is close to the range of depths assigned to the model.

From the spectrum we interpret a relative minimum that corresponds to a dominant size of

9. Ii km. Correcting the spectrum for this size produces a less steep slope which
corresponds to an average depth of 4.07 km which means an underestiniation of about 17

per cent with respect to the average depth.

Interpreting the slope of linear segments in the radially-averaged power-density

spectrum caused by an ensemble of sources to be related to the depth to the top of the

magnetic sources may easily lead to erroneous results. In the two cases presented here the

interpreted depth from the steepest slope was always overestimated. But the average depth

determination from the second slope in model II is very close to the average depth.

Fortuitous conditions may occur when a range of depths and horizontal dimensions are

involved. The slope in the spectrum decreases as the range in depths increases and
increases as the horizontal dimensions increases. Under certain conditions both effects

could tend to cancel one another, which could explain the results obtained in model H.

Even though correcting the spectrum for the dominant size, when multiple sources

are interpreted, improves the depth estimation it is still subjective. One problem in using

this technique in real data spectra is that the dominant size, if present, may be difficult to

distinguish. It is shown in general as a prominent change in the slope of the spectrum. A

second problem is that the range in horizontal dimensions must he guessed from the
magnetic anomaly map and. In general. this guess may he biased towards the dimensions
nf the short wavelength magnetic anomalies.
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THE CURIE POINT DEPTH DETERMINATION

The spectral analysis technique is commonly used to estimate the depth to the
bottom of the magnetic crust, which may be interpreted as the Curie point depth. This

estimation is carried Out by finding the maximum of the spectrum that results from the

combination of the thickness and depth functions

H(r) T(r)=e2 (1 etr )2 (26)

The maximum is obtained by setting to zero the logarithmic derivative of the product [H(r)

T(r)1 with respect to r. that is

-2h + 2 teIr =
dr (1etr)

The maximum, which occurs at r= is dependent upon both depth and thickness

Ln(t /h+ I
(27)

which means that there are an infinite number of combinations of t and h for the same

The procedure to estimate the basal depth (see Figure 32) consists of estimating

from the slope of the spectrum the depth to the top of the magnetic crust and the wavelength

at which the spectral peak occurs. From these values we can estimate the thickness t and

obtain the depth to the base of the magnetic crust d= h+t. The principal difficulty with this

calculation is that rm is usually poorly determined (see Figure 27).

This computation ignores the horizontal dimensions of the source to obtain the
maximum. When the size function is included no closed expression for rmax may be
obtained. Furthermore, computations are based on the theoretical spectrum produced by a

single source without including any statistical assumptions.

In the low wavenumber range, where the spectral peak is located, the effect of the

horizontal dimensions is negligible and the size correction does not change the position of

the spectral peak significatively. However, as previously shown, the horizontal

dimensions do affect the depth estimation. We face both the natural lack of resolution in

spectral estimates at low wavenumbers, and a non-precise depth determination.
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Figure 32. Thickness estimations for models I and 11. In both cases the deepest depth
estimation does not intersect the peak. It occurs in both cases at a wavelength of about
42.2 km (0.0237 km'). In model I the thickness is 5 km. in model lithe average
thickness is 5.25 km.
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1)1 S C US SI ON

Without reduction to the magnetic pole, the radially-averaged power-density
spectrum of magnetic anomaly maps n be represented as the product of three functions

which depend upon depth, horizontal dimensions, and thickness respectively. These
three functions therefore control the shape of the spectrum.

In the case of only one source, the spectrum should he corrected for the effect of

the horizontal dimensions in order to obtain reliable depth determinations from its slope.

The horizontal dimensions of the source can be estimated from the inverse of the
wavenumber at which relative minima occur, or from the magnetic anomaly map itself. As
the size of the source increases, the slope of the spectrum becomes steeper. Using the
spectrum slope to estimate the depth to the source without correcting for the horizontal

dimensions will produce an overestimation of the depth. The overestimation increases as

the size of the source increase.

Fortuitous conditions may occur if several sources when a range of depths and
horizontal dimensions are involved. The slope of the depth function decreases as the range

in depths increases, but the slope of the spectrum increases as the horizontal dimensions
increase. Under certain conditions both effects could tend to cancel one another, which
could explain the results obtained in model II and perhaps the credibility of the results
obtained by previous workers using this method.

Thickness estimations, based upon the implicit relationship between the position of
the spectral peak and depth, are not reliable. If we assume that each slope does
correspond to an independent ensemble, to which ensemble is the spectral peak related? If

we assume that all slopes correspond to the same ensemble, to which depth does the
spectral peak correspond 7 If we relate the spectral peak to the closest slope (i.e., the

deepest one) then the thickness is sometimes close to zero. Choosing the intermediate or
shallow depth will yield an intermediate or large thickness respectively.

Based on numerical computations of a double ensemble of sources, and assuming
a uniform probability distribution for the source parameters, it is not possible to generate a

synthetic spectrum from a double ensemble that gives two dominant slopes directly related

to the depth to the top of each ensemble. It is more likely that the change in slope observed

in real and synthetic data is mainly produced by the effect of the source horizontal
dimensions, and is not caused by a double or triple ensemble case. Spectra should he
interpreted using not just depth, but additionally, horizontal dimensions, and thickness.



RID(;E REGRESSION AS AN ALTERNATIVE METHOD

In this section an alternative method for interpreting the radially-averaged power-
density spectrum is considered. I wish to recover information about the geometly of the
magnetic source contained in the real-data spectrum by matching this with a synthetic
spectrum. A solution to this problem can be obtained through minimization of an objective

function, the sum of squares of residuals, which describes the mismatch between the

observed spectrum and the synthetic spectrum. Because the synthetic spectrum is a
nonlinear functional on the source parameters, the minimization will be achieved
iteratively, with adjustments at each step, based on a linearized model.

FORMULATION OF TIlE PROBLEM

The natural logarithm of the radially-averaged power-density spectrum can be
represented by a Functional E(r), the direct model, depending upon the ensemble average
depth H(r), thickness T(r), and horizontal dimensions S(r), which describe the general
shape of the spectrum. The functional form is given by

E(r) = E [H(r; h), T(r; t), S(r: a, h)J (28)

Let P he the vector of unknown parameters and P° be an initial guess for the
parameters. Let E(P, r) be the one-dimensional power-density spectrum, and E(P°, r) he

the synthetic spectrum calculated through 17. A first order Taylor's series expansion of 28
in the unknown parameters is given by:

where:

AE= A AP (29)

EL\EJ = F ( P. r ) F (P0. r' ) for i= I ..... n

A
) r)

, P= P°; r=r'



L\P)= for j=1. rn

where n is the number of data, and in is the number of parameters. The least squares
estimate of AP is given by

T AE (30)

where the superscripts T and -I denote transpose and inverse, respectively. Algorithm 30

converges quickly when the initial guess is accurate. However, in order to ensure
convergence from a poor initial guess it is useful to introduce a damping parameter and
modifying algorithm 30 as follows

T + k i]-' T E (31)

where I is the identity matrix and k is some positive scalar quantity, the Marquardt
parameter (Marquardr. 1963). k is reduced to zero upon convergence to a solution. The

process of altering the value of k during minimization in order to ensure stable convergence
is known as ridge regression (Marquardt. 1970).

When algorithm 31 eventually converges, confidence limits on the estimated source
parameters may be estimated from

pi= P ± t

where: 2 = AE / (n-rn) is the estimated residual variance and (n-rn) stands for the

number of degrees of freedom; t is the critical value for the Student-t distribution; and
= ATA

J
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'FIlE sIN;LE SOURCE CASE

In the case of a single source, functions in Functional 28 are given by:

H(h; r)= 2rh

T(t; r) 2 !n(1 _er)

2,t

S(a0, h0; r)= In _L dO sine2 (a0 r cos 9) sinc2 (b0 r sin 9)
2ir j

The partial derivatives with respect to depth and thickness were obtained
analytically,

2retrH(h; r) = 2r T(t; r) =
at (leEr)

and partial derivatives with respect to the horizontal dimensions by finite differences

S(a0+öa0, b0; r) S(a0-a0, h0; r)(a0, ', r)
aa0 2 a0

a
S(a0, h0 r)

S(a0, h0+öb0; r)- S(a0, h0-b0: r)
2b- U 0

When rO. the value of the synthetic spectrum is a priori fixed to zero, and some
of the limits were calculated using L'Hospital's rule

E (r= 0) 0

a aH(h: r= 0) = 0 T(r: r= 0) =
at
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S(a0, h0; r=0) = 0 S(a, ho; r=0) = 0

To test the method. Algorithm 31 was used to interpret the radially-averaged
power-density spectra of models HI, IV, and V. The parameters that define the geomeny
of those models are given in Table 7. The functional free parameters, used to generate the
synthetic spectra were: a, b, h, t, and a normalization factor which was introduced as
an additional variable.

Performance of the ridge-regression algorithm is strongly influenced by the initial
guess on the parameters. As the source becomes two-dimensional, the initial value
assigned for the horizontal dimensions becomes crucial. There is, however, additional
information in the data which can he used to obtain a good guess for the horizontal
dimensions of the source. We can obtain from the spectrum the dominant size which
corresponds to the length of the shortest dimension of the source. Moreover, from the
magnetic anomaly map, the distance between maxima and minima and the gradient
extension provides a rough estimation of horizontal dimensions.

Applying the ridge regression method to Model III, IV, and V results in a very
good fit as shown in Figures 33, 34, and 35. The solutions obtained after five or six
iterations closely correspond to the model parameters. A summary of these results is given
in Table 7.

Table 7. Results using the ridge-regression algorithm on the spectra of synthetic magnetic
anomalies produced by a single prismatic source. Source parameters (h, t. a, b) are in
km. For all models 1= D= 0, 4= X= 00. and M= 0.045 SI units. Uncertainty
in the solutions corresponds to a 95 % confidence level.

Model
Parameters

h a b

Initial

h t

guess

a b h

Solution
t a 1,

III 2 5 5 5 3 4 4 6 1.99± .03 4.73± .14 4.94± .02 5.07± .02

IV 2 5 5 10 3 4 4 9 2.04± .05 4.40± .58 4.95± .05 10.16± .09

V 2 5 5 50 3 4 4 45 2.19± .03 4.90± .56 5.00± .01 42.48± .17
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Figure 33. Spectrum due to model III and the ridge-regresion solution after
6 iterations. The continuous line is the spectrum of model III. Circles corre-
sponds to the synthetic spectrum.
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Figure 34. Spectrum due to model IV and the ridge-regression solution after
6 iterations. The continuous line is the spectrum of model IV. Circles corre-
sponds to the synthetic spectrum.
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Figure 35. Spectrum due to model V and the ridge-regression solution after
6 iterations. The continuous line is the spectrum of model V. Circles cone-
sponds to the synthetic spectrum.
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THE CASE OF ONE ENSEMBLE

In the case of an ensemble of sources, functions on Functional 28 are selected from

the formulae developed earlier, for either Gaussian or uniform probability distribitions:

H(h, Ah; r)= 2rh + 2 log [sinhr
Ah)1

rAh

I-I(h0, j; r)= 2rh0 +

T(t, At r)= 2Ln e-(r sllth(rAt)

rAt

T(t0, r) 2 Ln 1
etor + r22/2

S(i0, h0, Aa, Sb: r)= Ln
J

d9
[Si(a2)-Si(a1)2 [si(b2)si(bi) 2

2AarcosO 2Abrsin

where:

a1= (a0 Sa) r cos e

b1= (b(1 Sb) r sin e

a2= (a0 + Sa) r cos 0

b-,= (h0+ Sb) r sinO

The partial derivatives with respect to the depth and thickness were obtained
analytically. They are are given by:

Ah: r)= 2r H(h0, i: r)= 2r
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2 [r Ah cosh(r Ah) sinh(r Ah)}
H(h Ah; r)=

Ah Ahsinh(rAh)

H(h0, h; r)= 2hr2

At r) 2ret sinh(rAt)/rAt
I -e-t [ sinh(rAt)/rAtI

r)= 2r et + ar2/2

1
+

2r e tr sinh(r At) - rAt cosh(r At)j / (r At)
T(t, At; r) =

At t e1n[sum(rAt)/rAt1

; r)
2 r2 Y e" +r2/2

I -e" + r2f2

The partial derivatives with respect to the horizontal dimensions were obtained by

finite differences as follows

S(0, b0. Aa, Ab; r) = Ab. r) S(-a, h0, Aa, Ab: r)
1) I() 2 a0

S(ã0, b0, Aa. Ab; r) r) -_S(a._bO-M,O. Aa. Ab; r)

2 öb0
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S(i0, b0. Sa. Sb: r) S(ä0, b0, Sa+Ma. Sb; r) S(0, b0, Sa-öSa. Sb: r)
Aa 2 Ma0

S(a, b0. Sa, Sb; r) S(0, b0, Sa, Sb+Mb; r) S(a0, b0, Sa, Sb-Mb: r)
Sb 2 Ma

where indicates a small change. In the limit, when rO, the value of the synthetic
spectrum is a priori ftced to zero, E (r= 0) 0, and some of the limits were obtained from

the use of the L'Hospital's rule.

H(h. Sh; r=0)= 0

H(h0, ch; r=0)= 0
Tho

At; r=0)=

T(t0, c; r=0) = 0

S(a0, h0, Sa. Sb; r=0) = 0

S(0, h0. Sa. Sb: r=0) = 0

C) H(h, Sh; r=0)= 0
J5h

H(h0, o; r=0)= 0
cYh

At; r=0)=
St St

()
T(t0, o; r= 0) = 0

S(i0, h0, Sa. Sb: r=0) = 0
Aa

S(), b0. Sa, Sb; r=0) = 0
Sh
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APPLICATION To THE YUCATAN SPECTRA

A first attempt fri using the ridge-regression algorithm to model the Yucatan spectra
was (lone assuming a uniform distribution for depth, thickness, and horizontal
dimensions. The synthetic spectra were generated with the free parameters h, t, a, Aa, b,
Ab, and a normalization factor, which was introduced as an additional variable.

No solution was obtained when the entire data in the spectra (i.e. n=l28) were
used. In this first attempt only the first 33 data in the spectrum were used. It was found
that convergence was strongly dependent on the initial guess on the parameters. The most
reasonable results were obtained once an appropriate range for the ensemble average
horizontal dimensions was found. Outside of this range no convergence was obtained,
and the depth parameter has a tendency to be nonpositive. After an appropriate range in
horizontal dimensions was found, convergence (with a reasonably small misfit) was
obtained usually after 15 iterations. However, using the model solution to generate the
synthetic spectrum in the range I n 128, and comparing that with the real-data
spectrum, the correlation between the synthetic and the real data spectra was very poor in
the region 33 n 128.

In trying to overcome this problem. the functional space was expanded by
including the free parameters Ah and At. It was then possible to obtain solutions for 1 n

1 28. However, while At shows no substantial change from the initial value assigned.
Ah was generally greater than or equal to h. Furthermore, using the entire data in the
spectrum (i.e.. 1 n 128). the solution obtained for the average depth to the top was
too close to zero and also Ah was greater than h.

After a large number of tests, the best choice for the free parameters was obtained
when the Gaussian distribution was used to obtain the ensemble average depth. In the fmal
application the entire data in the Yucatan spectra were used. I assume a uniform probability
distribution for the ensemble average horizontal dimensions: a Gaussian for the ensemble
average depth: and the thickness function. The synthetic spectrum was generated with the
free parameters a, Aa, h, Ab. h0, o, t, and the normalization factor c. The initial
damptng parameter was 0.2, and Choleski decomposition was used to solve the linearized
system. The results obtained are summarized in Table 8, and figures showing the
Yucatan spectra and their respective model response are given in Appendix B.

From the 34 sub-grids into which the northern continental margin of the Yucatan
Peninsula was subdivided, sub-grids 8 and 9 were not included to generate the contour
maps. The misfit on grid 8 is considerably large, and was not possible to obtain a
reasonably fit for subgrid 9.
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Table 8. Results obtained on the Yucatin spectra. Units are in km. c is a normalization
factor and ssm is the sum of the squared misfit. The uncertainty in all parameters

T 1 T i_i'Il/2
corresponds to: k [AE AE / (n-mfl A A ijj

Grid h0 Sh t a Aa b Ab c ssm

I l.58±.05 0.81±02 32.38±3.14 36.55±14 16.86±07 33.30±08 14.40±.08 l312±.74 4.83

2 1.91±05 0.88±.01 25.01±2.29 37.17±14 17.19±.07 33.17±15 14.37±.08 3.33±.07 4.58

3 1.87±.06 0.85±.02 23.42±2.34 39.80±.16 18.56±.08 35.59±18 15.63±10 4.65±.08 5.58

4 l.50±.13 0.85±.02 17.55±2.91 34.75±.30 16.83±.11 23,75±.27 9.52±.16 4.77±.16 16.25

5 1.63±08 0.73±04 24.37±3.34 39.57±.22 1 8.40±.12 35.63±.25 15.60±.14 3.90±.11 10.27

6 l.77±.05 0.81±.02 21.05±1.77 37.65±14 17.47±.08 33.79±.!5 14.72±.08 4.79±.07 3.97

7 l.96±.05 0.87±.02 16.89±1.34 37.36±.i0 17.59±05 33.58±.18 15.03±.09 4.17±007 4.20

8 ().74±.16?0.60±.09 16.52±3.15 41.19±.05 19.80±.03 29.79±.16 12.25±.09 9.38±18 21.82

10 2.05±10 0.86±07 27.93±3.36 35.51±.54 17.43±17 33.08±1.64 14.44±89 3.14±.11 7.11

Ii 2.17±21 0.87±.05 23.99±2.92 40.54±.86 17.43±.17 32.15±1.71 13.83±.93 2.69±.13 6.90

12 1.34±07 0.89±05 28.31±3.88 37.49±.21 17.42±10 33.70±.24 14.66±13 3.56±.!! 10.03

13 1.76±07 0.89±.05 20.53±2.08 38.18±13 18.03±.05 34.78±24 15.61±.! 1 2.36±08 6.41

14 2.57±.11 0.84±03 15.26±1.91 45.69±1.22 22.89±.62 19.50±.54 7.29±29 4.49±14 8.57

IS I.73±.08 0.60±.09 16.11±1.68 38.36±.13 18.14±06 35.27±24 15.91±.16 3.75±.09 6.89

16 1.62±08 0.73±.03 26.13±3.55 37.09±.19 17.17±.10 35.81±.26 15.71±14 3.79±11 9.99

17 l.45±.05 0.69±02 32.84±3.34 39.88±.16 18.60±08 35.47±.18 15.56±.99 3.89±.08 5.33

IS !.70±.08 0.78±03 31.50±4.44 36.81±20 17.02±.11 33.36±.24 14.45±13 3.76±11 10.29

19 l.88±.06 0.81±.02 19.91±2.18 37.91±.17 17.64±09 34.23±20 14.98±.11 3.27±.10 6.91

20 I .62±06 0.65±.03 13.18±1.32 39.67±.16 18.62±.07 36.00±20 15.95±.1 I 3.26±10 5.95

21 l.41±.04 0.56±02 27.30±2.32 39.99±1.25 18.85±.05 36.44±.18 16.25±09 3.03±.06 4.06

22 3.20±33 1.12±.04 21.32±3.61 46.59±1.07 23.20±83 37.72±2.54 17.71±1.35 3.20±.22 9.99

23 l.94±.07 0.84±03 34.01±4.39 37.10±.21 17.16±.12 34.49±.23 15.03±.!3 3.65±.10 8.47

24 2.31±10 0.96±.03 22.01±3.42 35.34±.29 15.42±16 36.33±22 16.73±12 3.98±14 13.28

25 I.98±.07 0.81±02 18.87±2.12 39.39±18 18.39±09 35.82±22 15.77±12 3.19±.10 7.32

26 1.76±07 0.69±.11 17.60±2.11 36.98±.29 16.38±16 33.77±.16 15.64±11 3.16±.!! 8.57

27 2.97±10 0.12±03 10.81±1.00 39.72±05 19.41±06 33.73±58 15.34±.30 4.96±13 2.76

28 1.91±07 0.86±03 23.79±2.68 34.50±15 15.84±08 35.05±21 15.30±12 3.39±09 6.93

29 l.64±.05 0.69±02 32.29±3.31 36.57±.14 17.03±06 35.52±.21 I5.69±.l I 2.82±08 5.52

0 I.75±.05 0.70±07 32.14±3.49 36.06±.14 16.78±07 35.52±.22 I5.69±.I2 3.75±08 6.22

31 1,87±06 0.77±02 20.82±2.07 34.30±.I3 15.82±07 33.40±.I9 I4.53±.l I 5.68±09 5.64

2 3.03±.I5 1.17±.04 26.88±3.36 38.92±.05 18.71±05 34.90±.13 15.98±06 5.03±.12 7.13

33 I.63±.06 0.68±.03 26.30±2.78 37.61±16 17.51±08 34.08±.19 14.91±.10 2.53±.08 6.11

4 1.97±07 ft79±.03 28.11±3.5039.94±.20 18.60±.10 35.72±.22 15.65±12 2.96±.10 8.28



DISCUSS ION

One objective of this study was to obtain a genra1 picture of the magnetic crust of

the Yucatan. Using depth and thickness estimations, two contour maps were made. One

shows the mean depth to the top of the magnetic crust, and the second shows the depth to

the base of the magnetic crust (i.e., h+t).

Depth to the top of the magnetic crust. Figure 36 is a 200 m contour map
of the average depths to the top of the magnetic crust. Depth to this horizon ranges from

1.4 to 3km BSL.

Offshore Progreso the depth to this horizon lies between 1.4 to 1.6 km, consistent

with the depth at which andesites were reached on holes Chiculub and Sacapuc drilled on

the Mérida area. To the north of Progreso, west of Alacrán reef, this horizon consistently

lies within the 5.1 km/sec seismic unit, which is thought to be andesites.

Northeast of Progreso, contours to this horizon suggest the presence of a basin

where a 2 km thick sedimentary cover overlies this horizon, in a region characterized by

large wavelength, positive magnetic anomalies, and mostly negative free-air gravity
anomalies.

East of Macran reef, this horizon shallows to 1.6 km BSL in a region with dipole

signature magnetic anomalies, at the southwestern edge of the Alacrán gravity high.

Coincident with the central portion of the Alacrán gravity high, in a region of
negative magnetic anomalies, magnetic basement reaches 2.4 km depth suggesting the

presence of a basin.

To the west of Progreso this horizon lies at 1.8 km BSL and does not reflect the

abrupt change on the gravity and magnetic signatures that characterizes this region.

Across the intra-sheif escarpment. between the Campeche Bank and the Campeche

Terrace, the change in depth to this horizon is consistent with the thickening to the east of a

3.4 km/sec seismic unit which overlays the 4.9 km/sec seismic unit at the depth of this
horizon.

Along the Campeche Terrace the depth to this horizon lies within a 3.4 km/sec

seismic unit. Contours on this horizon show no correlation with the change from negative

to positive gravity anomalies along the Campeche Terrace.
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Figure 36. Contour map of the average depth to the top of the magnetic crust determined by ridge-regression
and seismic velocities at the depth of this horizon. oc
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Depth to the base of the magnetic crust. Depth and thickness estimations
were added to obtain the depth to the base of the magnetic crust. This is shown as a 2500
m contour map in Figure 36. This magnetic boundary can be interpreted either as a
lithologic boundary between magnetic material on top of non magnetic material or as tl:e
Curie-point isotherm depth, the depth at which the temperature rises to a value at which the
magnetic rocks lose their ferrimagnetic properties.

The depth at which a rock can remain magnetized depends on the local geothermal
gradient. Computed continental geotherms, based on the heat-flow equation constrained
by surface heat flow values, indicate Curie-point depths between 20 and 50 km for a
surface heat flow between 84 and 50 mW/rn (41.8 mW/m2= 1 Heat Flow Unit)
assuming a Curie temperature T= 560° C (Meissner, 1986, p. 139). No heat flow
measurements are available in the Yucatan northern continental margin However, the
extrapolation of regional measurements of surface heat flow (Urrutia-Fucugauchi, 1986),
and at a global scale (Pollak and Chapman, 1977) suggest a surface heat flow 42 mW/rn2
for the area, consistent with a deep Curie-point isotherm. Gasparini et al. (1979) in
interpreting long wavelength magnetic anomalies in Brazil, have suggested that in
continental areas characterized by normal to low heat flow the bottom of the crustal
magnetized layer may correspond to vertical compositional changes within the crust.

Some workers hold that upper crustal rocks have insufficient magnetization,
thickness, and lateral extent to account for large wavelength regional magnetic anomalies.
Part of the long-wavelength anomalies may come from the lower crust. Enhanced viscous

magnetization at depth is usually postulated to explain the high magnetization required
(Shelfzn'er, 1985). Wasilewski and Mavhew (1982) have shown that mafic-granulite
rocks have high magnetization values. Thus a mafic-granulite lower crust with temperature
T < T= 560°C could be strongly magnetic.

Along the northern continental margin of the Yucatan Peninsula. the depth to the
base of the magnetic crust ranges between 15 to 35 km BSL with an average of 25 km
Figure 37) and suggests that the magnetic crust consists of several blocks with normal

continental crust. 25 to 35 km thick, and two regions with thin continental crust, 15 to 25
km thick.

The average value for the depth to this horizon in this region is in agreement with
continental scale seismic studies based on surface waves (Urrutia-Fucuauchi, I 986)

which indicate a crustal thickness of around 20-25 km. Case etal. (1984), based upon a
large compilation of crustal thicknesses in the Caribbean and Gulf of Mexico, suggest a
crustal thickness of about 25 km for the area of this study.
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This magnetic horizon rises from 25-35 km depth west of Progreso (in the region

of the Banco Nuevo gravity high and Celestun magnetic high) up to 20 km in the region of

the Mérida magnetic low. The contours of this horizon are consistent with the trend of
those anomalies. West of Alacrán reef, in a regicn of low amplitude and intermediate

wavelength magnetic and gravity anomalies, this horizon rises to 17.5 km depth.

East of Macran reef the horizon reaches 35 km depth, this being one of the most

prominent features of the map. The depth to the base of the magnetic crust along this
feature ranges between 27.5 and 35 km and is within 2.5 km of the crust-mantle boundary

determined by Alvarado-Ornaña (1986) from two-dimensional forward modeling of free-air

gravity anomalies. This suggests that in this particular region the Moho is the magnetic
boundary.

Along the Campeche Terrace the depth to this horizon lies on average at 30 km
depth. Alvarado-O,naña (1986), using the seismic velocity structure determined by
Ibra/:im et. al. (1981) at refraction station 11W (see Table 1). and free-air gravity
anomalies in the vicinity of station 11W, determined from mass column analysis that the

crust mantle boundary lies at 28 km BSL. This result is consistent with the depth to this

horizon in the vicinity of the station, suggesting that the Moho is the magnetic boundary in

this region also.

The shallowest depth to this horizon, between 15 to 17.5 km BSL, occurs across

the intra-shelf escarpment which separates the Campeche Bank from the Campeche

Terrace. This shallow feature extends southward up to the offshore expression of the Isla
Mujeres gravity high.
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CONCLUSIONS

Assuming that the slopes of linear segments in the radially-averaged power-density
spectrum are proportional to the depths to the top of magnetic sources. I have ebtained
estimates of the average depth to the top of three magnetic horizons and the average depth
to the base of the magnetic crust.

The shallow magnetic horizon is at an average depth of 2 km BSL within seismic
units C and D (see Table 1). At the depth of this horizon, seismic velocities range from
5.1 to 5.7 km/sec along the Campeche Bank, and from 3.4 to 4.9 km/sec along tl,
Campeche Terrace.

The intermediate magnetic horizon is at an average depth of 5 km BSL. No
correlation is obvious with either gravity or magnetic anomalies, and no driiholes have
reached this depth in the area. On the Campeche Terrace this horizon is 1 km deeper than
the interface between seismic units D and E, where the seismic velocities change from 4.7
to 5.9 km/sec.

The depth to the deep magnetic horizon is highly variable. It ranges from 8 to 24
km BSL. It is consistently shallow (8 to 16 km BSL) along the eastern margin and reaches
24 km BSL towards the central Campeche Bank. The depth estimation to this horizon on
the Campeche Terrace agrees with a change from 5.9 to 6.2 km/sec in seismic velocity at
the interface of seismic units D and E. In this sense it is consistent with the thickness of thi
second magnetic layer.

The depth to the base of the magnetic crust was estimated using the average depth to

the deep magnetic horizon and the position of the spectral peak. The depth to the base k
irregular surface which ranges between 12.5 to 32.6 km BSL, with an average of 23.6 km
BSL. There is no obvious correlation between this horizon and either gravity or magnetic
anomalies along the Campeche Bank. On the Campeche Terrace this horizon shallows
towards the east from 25 to 15 km depth. This change is consistent with the change from
negative to positive free-air gravity anomalies, and the depth to this horizon in the region of
seismic station 1 1-E (see Table 1) is about 2.4 km deeper than the interface between
seismic units D and E.

The results obtained with the Yucatan data agree with the drillhole and seismic
information at hand. To obtain a quantitative measure of the realiability of this statistical
technique as a tool in interpreting magnetic anomaly maps, the fundamentals of this
method, the siniplifications inherent in the data processing, and the implications that result
by considering uniform and Gaussian probability distributions were analyzed. This

quantitative examination of the spectral technique indicates that after two decades of
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application, some of the agreement found with respect to other geophysical or geological
data may he fortuitous.

I have shown for the case of a single prism and for the case of one ensemble of
prisms that, without reduction to the magnetic pole. the radially-averaged power-density
spectrum only depends upon the source geometry. that is, the horizontal dimensions.
thickness and depth to the top of the magnetic source.

It was found that the slope of the ensemble average depth is shallower than the
slope of the depth function when either Gaussian or uniform distributions describe the
depth to the top of the ensemble. If it is assumed that the ensemble average depth
dominates the spectrum and that its slope is proportional to the average depth to the top of
the ensemble, the depth will be underestimated.

For practical purposes no essential difference exists when the ensemble average
thickness is computed considering either Gaussian or uniform probability distributions.
The main contribution to the shape of the spectrum due to this function is in the very low
wavenumber range. It decays asymptotically to zero being negligible at a wavelength
greater than the ensemble average thickness. As the thickness becomes larger the slope of
this function becomes steeper and approaches zero more rapidly.

For a single prismatic source the horizontal dimensions (the size function) is
characterized by relative minima which occur at characteristic wavelengths, multiples of the
shortest horizontal dimension. The contribution of this function produces the typical
nonlinear signature in the spectra and therefore controls their shape.

The ensemble average horizontal dimensions was computed considering a uniform
distribution for the source horizontal dimensions. As the range in horizontal dimensions
increases, the slope in the ensemble average size becomes steeper (changing from linear to
exponential behavior). The number of relative minima decreases as the range in horizontal
dimensions increase, and in extreme conditions (i.e., a very large range) an inflection
point occurs at the characteristic wavelength.

The assumption that the slope of linear segments in the spectra are proportional to
the depth to the top of magnetic sources was tested on synthetic magnetic anomalies
produced by one and by several prismatic sources.

Depth determinations in the case of single prismatic sources were always
overestimated. This overestimation increases as the source horizontal dimensions increase.
and depth determinations may he in error by 50 per cent. By eliminating the contribution of
the source horizontal dimensions most of the nonlinear behavior of the spectrum
disappears. the shape of the spectrum becomes linear, and reliable depth determination
may he obtained from the slope in the spectrum.



Multiple prismatic sources were used to generate synthetic magnetic anomalies and

simulate real data for testing the assumption that the slope in the spectrum is proportional to

the average depth to the top of the source. In this experiment, when thickness and depth to

the top were made constant while the prisms h'rizontal dimensions were allowed to vary,

depth determinations obtamed from the slopes in the spectrum were overestimated by 50

per cent. After the size correction was made the slope in the spectrum yielded an
underestimated depth by about 30 percent. Considering a constant depth to the base of all

prisms while depth to the top and horizontal dimensions on every prism were allowed to

vary, the estimated depth from the steepest slope in the spectrum was above the average

depths in the model and the shallow slope was close to the average depth in the model.

After the size correction was made the slope in the spectrum yielded a depth underestimated

by 10 percent with respect to the average depth in the ensemble. Fortuitous conditions may

occur if several sources with a range of depths and horizontal dimensions are involved.

The slope of the depth function decreases as the range in depths increases, hut the slope of

the spectrum increases as the horizontal dimensions increase. Under certain conditions the

effects could tend to cancel one another.

The technique used to obtain Curie-point depth determinations, based upon the

combination of the depth and thickness functions, disregards the effect of the source

horizontal dimensions and is based on the theoretical spectra produced by a single prismatic

source without including any statistical assumptions. The main problems with this
technique are the inability to precisely resolve the wavelength at which the spectral peak

occurs and a non-precise depth determination. In addition, because several linear

segments may he available in the spectrum but only one spectral peak, thickness

determinations may he biased.

An alternative method for interpreting the radially-averaged power-density spectrum

was considered. Information regarding the geometry of the magnetic source contained in

the real-data spectrum was recovered by matching this with a synthetic spectrum. A
solution was obtained through minimization of an objective function, the sum of squares

of residuals, which describes the misfit between the real-data spectrum and the synthetic.

Because the synthetic spectrum is represented by a nonlinear Functional on the source

parameters. the minimization was achieved iteratively with adjustments at each step, based

oil a linearized model, using the ridge-regression Algorithm.

This iterative technique provides acceptable solutions in the case of isolated

synthetic magnetic anomalies produced by a single prismatic source. In modeling the

Yucatan spectra I assume a uniform probability distribution for the ensemble average

horizontal dimensions, a Gaussian probability distribution for the ensemble average depth.



and the thickness function. The synthetic spectrum was generated by the free parameters a,
Aa, h. Ab. h0, t, and c. a normalization parameter which was introduced as an

additional variable.

Depth and thickness determinations obtained from the Yucatan spt'ctra were used to

make contour maps of the average depth to the top and base of the magnetic crust. The top

of the magnetic crust, was found to be at an average depth of 1.8 km BSL. At the depth of

this magnetic horizon, seismic velocities range between 4.8 and 5.1 km/sec along the

Campeche Bank, and between 3.4 and 4.9 km/sec along the Campeche Terrace. Offshore

Progreso the depth to this horizon is consistent with the depth at which andesites were

reached in driliholes in the Mérida area, and with reported seismic velocities. The
computed depth to the base of the magnetic crust is highly variable. It ranges from 15 to 35

km BSL, being consistently shaliow in two regions, one along the eastern margin and one

on the western, suggesting that significant changes in magnetization occur at the lower

crust level. Those thin regions are separated by thick blocks, where the depth to the base

of the magnetic crust lies at about 30 km.

The depths to the base of the thick block located east of the Alacrán reef and along

the eastern Campeche Terrace are similar to the depth to the crust-mantle boundary

deteniirned from gravity data modeling, suggesting that in those regions the mantle is th

magnetic boundary. No heat-flow measurements are available in the area. These wotihi

help in deciding whether variations in depth to the base of the magnetic crust are caused by

variations in depth to the crust-mantle interface or by vertical changes in the magnetic
mineralogy within the crustal layer.

Source parameter estimations based on the spectral analysis of patterns of magnetic

anomalies should he treated with caution for both mathematical and geological reasons.

These are inverse calculations and are subject to all of the non-uniqueness and mathematical

instabilities inherent in such methods. The assumed probability distribution in the source

parameters may or may not be suitable to the area. In trying to gain horizontal resolution

by dividing the magnetic anomaly map into sub-grids we face the problem of truncation of

anomalies, which affects the quality of the spectra. The model used involves a gross
oversimplification of the probable geology and crustal magnetization.

While both the spectral technique and the ridge regression technique start from the

same theoretical base, they have different assumptions and simplifications. The spectral

technique is straightforward in estimating. from the slope of the spectra. depths to the top

of magnetic sources. These are interpreted to he interfaces between magnetic sources or
ensembles of magnetic sources, and each slope is assumed to correspond with one
ensemble. However, interpreting the spectra in such a way assumes that the only
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contribution to the shape of the spectra comes from the ensemble average depth.
Furthermore, the way in which linear portions of the spectrum are selected is somewhat
subjective and can he easily biased. In the ridge regression formulation the shape of the
spectra i assumed to be due to the contribution of the ensemble averages depth. thickness,

and horizontal dimensions. in principle this is a more realistic model.
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AIPENDIX \.

FIlL RADIAL AVERA(E oF TIlE N)WER SPECTRUM, TIlE sIN(;LE
SOURCE CASE

In this appendix the radial average of the power spectrum is examined. It is

defined as follows

E(r)= K 2 H2(r: h) T2(r; t) dq RB(9)
2

RM(9)
2

S2(r, 9) (A-I)
7t

in equation A-i:

i) K is magnetization per unit depth.

ii) H(r: h) is the radially-symetric depth function, where h is the depth to the top of

the prism.

iii) T(r; t) is the radially-symetric thickness function, where t is the thickness of the

prism.

iv) RB(9)2= sin2l + cos2l sin2(D + 9), where I and D are the inclination and h"

declination of the geomagnetic field.

v) RM(0)h= sin24) + cos24) sin2( + 0), where 4) and X are the inclination ajul ilie

declination of the magnetization vector.

sin2(a0r cos 9) sin-(h0r sin 9) a bvi) S(r. O)= , where: a= and b0=

a0rcos9 h0rsin0

The solution to the integral in equation A-i requires heavy algebraic and
trigonometric manipulation. To accomplish that in a minimum space I introduce the
following notation:

a= sin2 J h1= sin2 (1). c sin2 X, d1 sin2 D,

a2= c4 I, h2 CO5 dL C2 cos2 X. (12 cos2 D,
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c0= sin X cos X, d0= 2 sin D cos D, A=sin 0, B=cos 0

With this notation the product of the factors iv and v can be written as

Rp2 RM2= a1b1+hi(a2d1+a1c1)A2+b,(a2d0+a1c0)AB+h2(a2d2+a1c)A2

+ a2b2 [c1d1 B4+c2d2A4+(cld2+codo+c2d1)A2B2

+ (cod1 + c1d) AB3 + (cod2 + c2d0) BA1 (A-2)

S2(r, 0) is represented by the product of two series of even powers of A and B

S2(r; 0) = (-I 2 (r)2i2 B2i2) (j (-1 )k1 (a0r)2k2 B2k2
}

(A-3)

To obtain the integrand in equation A-i the series in A-3 must be expanded and

multiplied term by term, and the result multiplied by A-2. However, once those
operations are performed the general kind of integral needed to be solved is known
(Zucker, 1972 ), that is

I dO B A' Ba-' (n-I)
(m+n) (rn+n) J

dO A1 B2 (A-4)+

0 0

Considering the limits in A-4. for any m and n

A1 =
(m+n)

For any in, and for n odd, all integrals can he simplified, by suscesive application of A-4,

to the form

JdA Atm =



When both m and n are even, any integral of this kind reduces to the form

(n-i) (n-2) ... I

(m±n) (m+n-l) ... (rn+2)
JdeAn (A-5)

This integral is well known (Gradshtevn and Ryzhik, 1980) and, considering the limits

of integration, the required result is given by

I
døAm B (n-i)(n-2)... I

(m+n) (m+n-I) ... (rn+2)

where p= m12.

rn (rn-I) ... (m-p+1)
(A-6)l23...p 2

Using these results, the solution to the integral in equation A-i is given by

2i_ RM(e)2s2(r,e)= C0+ C1(r)

where Co and C1 are constants, and

(do S2(r, 9)S (r) =
27r

J
0

(A-7)

After the radial average the spectrum is normalized with respect to its value at r=0

and its natural logarithm is obtained. The result of these operations can be expressed as the

sum of the natural logarithms of functions depending on depth, thickness, horizontal

dimensions, and a constant.
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APPENDIX B

THE RADIAL AVERA;E OF THE ENSEMBLE AVERAGE POWER
SPECTRUM

In this appendix the radial average of the ensemble-average power spectrum is
examined. It is defined as follows

2t

E(r)= 2 (H(r)) (r) _L ide (RB(9))2 (RM(0))2 (S(r, (B-i)
2jt

0

In Equation B-I:

ii)

11)

KK)2 = CM02, where C is a constant and Mo is the ensemble average
magnetization

(H(r)) is the ensemble average depth. For a uniform or Gaussian probability
distribution is given by

sinh(rAh)
e

rAh
[(H(r))1 =

eot+(i)/2

çT(r)) is the ensemble average thickness. For a uniform or Gaussian probability
distribution is given by

sinh(rz\t)
1 e

rAt

1 - r22)/2

iii) The integrand in B-i includes the ensemble averages geomagnetic field direction.

magnetization direction, and the ensemble average horizontal dimensions. For a

uniform probability distribution they are, respectively



I '2 1 1 .1
\RB(8)1 = sm-I0 + cosI0 sin-(D0 + 8)

I 2 . sin2 A fl2 A
= sm0 + cos40 sin2(X0+8) S

A4 AX

(S(r
2 JSi cos 8)1 -Si [p2 cos 8)112 J[qi sin 8)1 - Si {q sin 8)112

h1 cos 8 1 1 h2 COS 8 /

where Si is the Sine integral,

pi=r(a+Aa), p2=r(a0-Aa), h1=2rAa

qi=r(h0+Ab), q2=r(b-Ab), h2=2rAb

The solution to the integral in equation B-i requires heavy algebraic and
trigonometric manipulation. To accomplish that in a minimum space I introduce the
following notation:

a= sin2 I, h1= sin2 D0. c= sin2 o, d1= sin2 X0,

a7= COS2 I, b2= cos2 D0, C2= cos2 4o, d2= cos2 X0,

sin2A2
. S2

sin2AX2
, A=sin8, B=cosO

AX

ei= sin X0. e= cos X0, f1= sin D0, f,= cos

Based on these notation:

cRB(o))4 RM(8))2 = a1c1s1 + a2c1s1 (b1B2 + 2f1f2AB + h2 A2)

1 1 1 *+ a!C2S2 kd1B + 2e1e2AB + (1AI + a2c2s1si h1d1B + 2(b1e1e2+d1f1f2) AW

+2 (d7f1f2+ h2e1e2)A3B + (4e1e2f1f7 + hid2+dibi)A2B2b2d2A41 (B-2)



The ensemble average horizontal dimensions is represented by a series representation of the

sine integral (Gautschi and Cahill, 1972)

where:

'S(r, e))2= (i k2 (B-3)

I lIj 2j+1 r2j

1
t- 'P P1

h1(2j+ l)(2j+ 1)!

(

1)k 2k+1 B21q1

h2(2k+l)(2k+1)!'
k= 0

(J)i p'I3-J
j-() h1(2j+ l)(2j+ 1)!

1- k+1 1k

= (- ft q

k=0
h2(2k+ l)(2k+ I)!

To obtain the integrand in equation B-I the series in B-3 must be expanded and

multiplied term by term, and the result multiplied by B-2. However, once those
operations are performed the general kind of integral needed to be solved is known

(Zucker, 1972 ), that is

I
dO B - B' (n-i) Jde Atm B2 (8-4)+

(m+n) (m+n)

Considering the limits in B-4. for any in and n

0
(m+n)

For any in. and for n odd, all integrals can he simplified, by suscesive application of B-4.

to the form



JAm=o

When both m and n are even, any integral of this kind reduces to the form

(n-I) (n-2) ... 1

(m+n) (m+n-1) ... (rn+2)
JdeAm (B-5)
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This integral is well known (Gradshtevn and Rvzhik. 1980) and, considering the limits

of integration, the required result is given by

JdeAnl B = (n-i) (n-2) ... 1

(m+n) (rn+n-l) ... (rn+2)
m(m-l)...(m-p+1)

(B-6)
123 p

where p= rn/2. Using these results, the solution to the integral in equation B-i is given by

-i-- IdORB(0)2RM(9)2S2(r, O)= C0+ C1 (r)
2it

where C0 and C1 are constants, and

fdO KS(r, o)

(B -7)

After the radial average the spectrum is normalized with respect to its value at r=()

and its natural logarithm is obtained. The result of these operations can be expressed as the

sum of the logarithms of functions depending on depth, thickness, horizontal dimensions.

and a constant.
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APPENDIX C

SPECTRAL PLOTS AND DEPTH ESTIMATIONS FROM SPECTRAL
A N AL I SI S

This appendix includes the plots of the Yucatan spectra and depth interpretations
based upon assuming that the sIope of linear segments in the spectrum are proportional to
the average depths to magnetic horizons. In all figures the average depths are indicated in
km below the sea level.



A
-S

V

A

V

1

- 11-

0,0

('-I

-0

02 14

kni

ic -

0.0

('-3

0.2 0,4

kni

(1

1-..-S

V

.15

.20-
'0

C-2

Si

C

A

V

.1(1

11.4

kn

-15-1

0.0

(2-4

0.2 j 0.4

kn

102



A

V

1

-IS

0.0

('-5

(1

A c

V

-It)

-IS

-111

0.2 0.4

kiii

0.0 0.2

kn

('-7

r
I-

A

1

5

.15

0.0

('-6

10-i

103

0,2 0.4

kn

.11) -

0.0

(-8

((.2 I 0,4

kn



A

V

-I0

ic

(I

C-9

0

A

V

.10

-IS

((2 0.4

kn

2414

..\
61

.J
(10 02 0.4

km

(-II

A

V

.20

(CO

C-It)

A -s

I-

V

0

ic

-20

0.2 0.4

kn

0.0 ((.2 ((.4

kn

C.12

104



(1

A -s

V

-tO

-15

-20

00

( -13

A

V

-I0

-15

-20

\605

1th93

0.2
I 0.4

kn

0.0 0.2
j

0.4

kni

C- IS

A
1

V

105

-20-f-

00

(:-14

A -

V

-20-f-

0.0

C-16

12;56

0.4

kn

0,2 0.4

krn



S

A

V

-10

-IS

.2))

14.62

5.64

00 C) 2 0.4

krn

(-17

A -

Li

V

-I))

-IS

-20

0.0 ft2 1)4

kn

(:19

A .c

I.-.

V

-Il)

-IS

-2))

1779

II

(-Is

A

V

-l0

-IS

-20

1)2 I 0.4

km'

C))) 12 0.4

kn

(.-2()

106



0

A
1.

V

-

-I

20 -

(-2I

A
I-.

V-4

-15

11A6

N:

0.2
1

(1.4

-20+
0.0

(.:-23

((.2 I
(1.4

ki

A
I-'

V

107

0.0 0.2 (1.4

kni

('-22

A

V

:4

0.0 0.2 'l.a

kni

C-24



A
I-

V

[1
11.73

0
0.0

C-25

5 -r

(1

A -s

V

-10

(5

-21)

11.2

kn

00 0.2 0.4

kn

('-27

0

A -5

V

--l0

-(5

108

-20 -I'-

0.0

C-26

A -

V

I 0.4

km

km

(-2S

I 0.4



A '

V

-20±

( -2 ()

A

V

0

0.2 0.4

km

\I47

"54

(-31

0.2 0.4

kn

A

V

.20L

(-3()

A A

V

I0

.15

-20

109

1756

\54

0,2 I 0.4

km

0.0 0.2 0.4

C-32



A c

V

-10

-ic

-20-1
I)),

('-33

0.2 I
24

kn

A

VI-

liii]

15.97

C-34

kin1



111

APPENDIX D

PLOTS OF THE MODEL RESPONSE FROM RIDGE REGRESSION

This appendix includes the plots of the Yucatan spectra and the model response

obtained by the ridge-regression algorithm. In all plots the Yucatan spectra are represented

by a continuous line, and the synthetic spectra are represented by circles.
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