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ultrafine-grained magnetite, compare favorably with the representative 

coercivity spectra of their laboratory simulated counterparts (Fig. lOC 

and E, respectively). 

Bacterial Magnetite as a Primary Remanence Carrier and Implications 

The typical saturated IRM (sIRM) of the carbonate sediments at 

Sugarloaf Key, in which apparently bacteria-formed SD magnetite is the 

only magnetic phase, has been identified, as shown in Figure lOD, and is 

about 1 x 10-l A/m. Since the saturated remanence for magnetite is 

close to 5 x 105 A/m, 2 x 10-7 cm3/cm3 (or 10-6 g/cm3) of magnetite in 

sediments would result in the sIRM shown above. Each magnetic domain 

inside the magnetotactic bacteria strain found in the Sugarloaf Key 

environment (Fig. 4B) contains about 1 x lo- 14 g of magnetite. On the 

average, each bacterium has about 10 particles, and about 1 x lo- 13 g 

per cell. With an optimum population density of 107 cells/ml (Blakemore 

et al., 1979), the magnetotactic bacteria would contribute about 10-6 

g/cm3 of SD magnetite to the sediments which is consistent with the 

amount of magnetite required to contribute the typical sIRM of the 

Sugarloaf Key sediments. The discrepancy between the coercivity spectra 

of the Sugarloaf Key sediment and the pure magnetotactic bacteria 

culture is probably due to some paramagnetic carbonate phases present in 

the sediment. Both the coercivity spectrum and the sIRM value of the 

Sugarloaf Key carbonate sediment sample shown in Figure SD are 

comparable with many limestone samples we examined. These preliminary 

data suggest that the bacterial magnetite might be an important 

remanence carrier in many limestone deposits. 

Previous SEM studies (Lowrie and Heller, 1982; McCabe et al., 1983) 

on the coarse-grained magnetite extracts from limestones have revealed 



156 

three major types of crystals: (a) spherical or botryoidal, (2) eroded 

or rounded, and (3) angular or sharp. Spherical or botryoidal magnetite 

particles with size range 5-150 µm were conrnonly observed in many 

Paleozoic Appalachian limestones (McCabe et al., 1983; Horton et al., 

1984). The secondary and diagenetic nature of the chemical remanent 

magnetization (CRM) carried by these grains has been established through 

the corresponding apparent polar wandering path (APWP) comparison 

(Scotese et al., 1982; McCabe et al., 1984). Migrating fluids during 

the mountain building event have been proposed to be the agents 

responsible for chemical changes resulting in this secondary 

magnetization (McCabe et al., 1984). Even though the detailed 

mechanisms and reactions for forming these diagenetic magnetite 

particles are not clear at this stage, precisely evaluating the timing 

and the effects of this secondary remagnetization process will help us 

to clarify many tectonic complexities based on directions on non-primary 

magnetic components carried by them (Cisowski, 1984). Many criteria 

have been previously proposed to test the stability of the primary 

components in paleomagnetic samples (Van der Voo and Jackson, 1984). 

The presence of bacterial magnetite may serve as another independent 

guide for interpreting the nature of the natural remanent magnetization 

in samples used for paleomagnetic study. The bacterial magnetite 

particles should preserve their spatial orientations and magnetic 

remanence directions relative to the rock matrix, unless they are 

disrupted by major events of thermal, chemical, or physical alteration, 

which would also alter or destroy any other primary remanence carriers 

in the rock. 

Eroded or rounded magnetite particles of presumably water­

transported origin and angular or sharp magnetite grains of possible 
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volcanic origin have been observed both in deep-sea sediments (Lovlie et 

al., 1971) and in marine limestones (Lowrie and Heller, 1982). They are 

strong candidates for carrying post-depositional detrital magnetization 

(pDRM) in sediments and sedimenatry rocks. In 1957, Irving first 

proposed that the pDRM acquired from the preferential alignment of 

detrital magnetite with the ambient geomagnetic field in water-filled 

interstitial voids was the cause of the magnetization in the Precambrian 

Torridonian sandstone series. Since then, many laboratory redeposition 

experiments had been conducted to study the detailed characteristics of 

this pDRM process (Irving and Major, 1964; Lovlie, 1974, 1976). The 

property of recording the ambient geomagnetic field without inclination 

error revealed by these studies led Verosub (1977) to conclude that the 

pDRM is the most important mechanism of primary magnetization in certain 

sedimentary environments. Lowrie and Heller (1982) have argued from the 

absence of inclination error in many limestones that this pDRM process 

is also the most important mechanism of primary magnetization of 

limestones. However, all the previous laboratory simulation studies on 

the pDRM were conducted on coarse-grained sediments or deep-sea core 

materials (King, 1955; Barton and McElhinny, 1979). The applicability 

of the theory derived from these experiments to low porosity and 

organic-rich limestone deposits has not been considered. On the other 

hand, if bacterial magnetite is the primary remanence carrier in 

sediments, the organic matrix material that holds the magnetite 

particles in place along the magnetosome (Balkwill et al., 1979) may 

also serve to bind them to other particles within the sediment after 

death. Therefore, the remanent magnetization carried by these bacterial 

magnetite grains should be depositional ORM rather than post­

depositional ORM. 
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Other possible implications of this biogenic origin of magnetic 

remanence hypothesis include using the existence of large amounts of 

bacterial magnetite particles as a paleooxygen indicator (Chang and 

Kirschvink, 1984; Blakemore et al., 1985) and as a guide for excluding 

the possibility of drilling-induced remanence in carbonate rocks, which 

has been experimentally shown mainly residing in large MD magnetite 

grains (Jackson and Van der Voo, 1985). 

Bacterial Magnetite in Cambrian Limestones 

Several Cambrian limestone samples collected separately from Siberia 

and Kazakstan, Soviet Union and Hubei, China, which have been 

paleomagnetically shown to contain a stable magnetic phase (Kirschvink 

and Rozanov, 1984; Kirschvink and Kirschvink, in preparation}, were 

examined to identify the presence of bacterial magnetite. The remanence 

carrier for the Kazakstan sample was revealed by its coercivity spectrum 

(Fig. llA) to be some high coercivity phase, like hematite or goethite. 

No magnetite has been successfully extracted from this sample. The 

coercivity spectrum of the China sample (Fig. llB) is characteristic for 

samples containing a mixture of magnetite and hematite. The shape of 

the magnetite particles in the extract as observed under the TEM (Fig. 

12) is quite eroded and the size of them falls in MD field of magnetite. 

These features suggest a detrital origin for these particles. For the 

Siberia sample, the presence of SD magnetite was revealed by coercivity 

spectra analysis and detected directly by electron microscopy. The 

shape of the single dispersed non-dithionite-treated magnetite particle 

examined under the TEM (Fig. 13A) is prismatic or cuboidal, and not 

spherical or octahedral. Some of the dithionite-treated magnetite 

particles have fuzzy outlines and appear to form a chain structure (Fig. 
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Figure 4-11 - Coercivity spectra of (A) Upper Cambrian trilobite bearing 

limestone sample COB 5 from Batyrbay Ravine, Kazakhstan, 

(B) Lower Cambrian trilobite bearing limestone sample 

LCT l from Yantze River Gouge, Hubei, China, and (C) 

Lower Camhrian Sinskian Limestone sample LLR 200 from 

Lahaia Lena River, Siberia, U.S.S.R. 
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Figure 4-12 - Typical magnetite particles extracted from the sample LCT l 

as revealed by the TEM. Scale bar • 0.1 micron. 
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Figure 4-13 - Electron micrographs of (A) a single dispersed SD 

magnetite (without dithionite treatment) and (B) 

an ultrafine-grained magnetite crystals assemblage 

(with dithionite treatment) extracted from the sample 

LLR 200. Scale bars = 0.1 micron. 
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138) similar to that observed in the dithionite-treated magnetite 

extract of the Laguna Figueroa sediment (Fig. 88). X-ray diffraction 

lines of the magnetite extract are pretty sharp and do not have too many 

coarse-grained particle-induced spots. The calculated d-spacing (8.39 

A) for the magnetite extract from the X-ray diffraction pattern is the 

same as that of pure magnetite (Tarling, 1983), which indicates that 

there is little or no titanium present in magnetite crystals. This 

further suggests the ultrafine-grained magnetite particles present in 

the lower Cambrian Sinskian limestone are probably of bacterial origin. 

The long-term diagenesis does not seem to affect the morphology or the 

chemistry of these crystals. Bacterial magnetite particles could be 

present as a primary remanence carrier of other Phanerozoic limestone 

deposits as well. 

Conclusion 

We extended the record of the apparently bacterial magnetite to the 

beginning of the Phanerozoic and demonstrated that the bacterial 

magnetite crystals may contribute to the natural remanent magnetization 

of limestones as well as the detrital and the diagenetic magnetite 

particles. The remanence they carry is primary in nature (probably 

depositional rather than post-depositional). Further evaluation of the 

role of bacterial magnetite as a primary remanence carrier in other 

Phanerozoic carbonate deposits will help to better understand the 

detailed mechanisms for the magnetization of limestones, which is one of 

the most frequently used tools for earth scientists to unravel the 

reversal patterns of the geomagnetic field and the movement and 

distribution of ancient plates. 
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ABSTRACT 

we report the occurrence of biogenic ultrafine-grained, 

single-domain magnetite in both marine and non-marine modern 

stromatolitic environments. Magnetotactic bacteria were 

found associated with the microbial communities involved in 

the deposition of laminated sediments at Laguna Figueroa, 

Baja California, Mexico and carbonate stromatolitic nodules 

at Sugarloaf Key, Florida, U.S.A. The presence of these 

bacteria and the single-domain magnetite they produce have 

a profound effect on the magnetic properties of the 

sediments and can be detected using rock magnetic methods 

and transmission electron microscopy (TEM). Examination 

by rock magnetic methods of microbial mats and laminated 

sediments from Solar Lake, Sinai, Guerrero Negro, Baja 

California, Mexico and Shark Bay, Australia as well as 

stromatolites from Shark Bay and Clifton Lake, Australia, 

Bacalar Lake and Laguna Garabital, Mexico, and Walker Lake, 

U.S.A. indicates these localities may also contain bacterial 

magnetites. Biogenic magnetites of bacterial origin have 

been extracted from Shark Bay mats and Walker Lake samples. 
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These findings suggest that bacterial magnetites can be 

recognized as the tiniest trace fossil and may be found 

preserved in fossil stromatolites and laminated sediments. 

INTRODUCTION 

The history of early life on the earth has been 

recorded in the rock record as stromatolites. These 

layered organo-sedimentary structures, formed as a result 

of the interaction of microbial communities with their 

sedimentary environment, have been found in rocks as old 

as 3.5 GA (Awramik et al., 1983; Barghoorn and Schopf, 1967; 

Knoll and Barghoorn, 1977). During the first 3 billion 

years of life, prokaryotes were the dominant, if not only 

type of life and stromatolites were widespread (Awramik, 

1982; Barghoorn, 1971; Schopf, 1983). Reaching their 

zenith in diversity and abundance by the late Precambrian 

(Upper Riphean), stromatolites declined rapidly after the 

appearance of metazoans (Awramik, 1982). Today these 

structures and the microbial communities which construct 

them, are restricted to environments where the presence of 

organisms other than prokaryotes is inhibited (e.g. 

hypersaline lagoons, alkaline lake, thermal springs) 

(Cohen et.al., 1984). 

Our understanding of what life was like in the 

Precambrian is based on the study of fossil stromatolites 

and their comparison with modern day microbial communities 

involved in the deposition of stromatolites and laminated 

sediments (Awramik, 1982; Schopf, 1983). These studies are 
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based primarly on the morphology and structural fabric of 

the fossil stromatolites because they contain very little 

preserved organic material. Occasionally, traces of 

microorganisms are found in fossil stromatolites and 

laminated sediments preserved as kerogenous microfossils 

silicified in chert. over 100 microfossil assemblages have 

been described in the last thirty years (Awramik, 1982). 

Most of these fossil microorganisms have been interpreted 

to be cyanbacteria (Knoll and Golubic, 1979; Golubic, 

1980; Awramik, 1982). The kerogenous microstructures, 

however, are only remnants of the original organisms and 

can be misinterpreted {Golubic and Barghoorn, 1977). It is 

only rarely that organisms are preserved well enough to be 

identified as members of extant genera {Golubic and Hoffman, 

1976; Golubic and Campbell, 1979). The morphological 

entities preserved give little physiological information by 

themselves. Once preserved by artificial silicification it 

is very difficult to distinguish coccoid eukaryotic algae, 

chloroxybacteria, fungal spores or prebiotic microspheres 

from coccoid cyanobacteria of comparable size (Francis et al., 

1978a,b). 

Prokaryotes in general, do not produce recognizable hard 

parts, although many are involved in mineral transformations 

(iron and manganese oxides, calcium carbonates) (Krumbein, 

1983). Magnetotactic bacteria are the only example known 

to date of a prokaryote that precipitates a mineral with 

distinctive morphology and composition. These bacteria 

deposit ultrafine-grained crystals of single-domain magnetite 
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(Fe304) intracellularly (Blakemore, 1982). They occur 

in both marine and lacustrine environments and are not limited 

to any particular cellular morphology (e.g. rod, coccus, 

vibrio, spirillum) (Blakemore, 1982). In most cases, the 

individual crystals of magnetite are aligned in a chain which 

acts as a dipole magnet (Frankel, 1984). The bacteria use 

this intracellular magnet to orient in the Earth's magnetic 

field; in the northern hemisphere to the north and in the 

southern hemisphere to the south (Frankel, 1984). 

Shortly after their discovery by Blakemore (1975), 

Kirschvink and Lowenstam (1979) proposed that the unique 

crystals these bacteria produce might not only affect the 

magnetic properties of sediments, but could be used as a 

trace fossil. The first evidence for fossil bacterial 

magnetite was found in marine sediments. The ultrafine­

grained, single-domain magnetite extracted from Oligocene 

deep-sea sediments (Kirschvink and Chang, 1984) and late 

Miocene marine clays from Crete (Chang and Kirschvink, 1985) 

had the morphology and composition of biogenic magnetite. 

More recently, further examination of deep-sea sediments as 

old as 50 my (Eocene) have yielded extremely well-preserved 

bacterial magnetites (Peterson et al., 1986). The purpose 

of this study was to establish whether magnetotactic 

bacteria occur in stromatolitic environments and if 

magnetofossils can be found in fossil stromatolites and 

microfossiliferous cherts. This paper presents the results of 

our study of modern stromatolitic environments while the 

following paper (Chang et al.) reports on fossil bacterial 
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magnetites. 

MATERIALS AND METHODS 

Samples of sediment were collected at the sediment-water 

interface from several sites at Laguna Figueroa, Baja 

California, Mexico and Sugarloaf Key, Florida, U.S.A .. 

500 ml jars were filled with 1/3 sediment, 1/3 water and left 

with a head space of atmosphere. Magnetotactic bacteria were 

detected with low power (160 X) light microscopy by placing 

the south end of a stirring bar magnet next to a drop of 

sediment on a glass slide. The bacteria congregated to the 

edge of the droplet closest to the magnet. Pellets of 

bacteria were collected with a stirring bar and cobalt-rare 

earth magnet by the method described in Moench and Konetzka 

(1978). For examination of the bacteria by TEM whole 

cells were negatively stained with 1% uranyl acetate (1 min.) 

on carbon coated grids according to the methods decribed in 

Stolz et al. ( 1986) • 

Hand samples of microbial mats and recent stromatolites 

were obtained from various sources (see Tables 1). The 

ultrafine-grained magnetite component in the sediments was 

extracted using the techniques described in Chang and 

Kirschvink (1985). The magnetite extracts were placed on 

carbon coated grids and examined by TEM. All TEM was done 

on a Philips 201 at 80 kV. Identification of the magnetite 

was made by electron diffraction (Chang and Kirschvink, 1985; 

Towe, 1985). 

Rock magnetic studies were carried out on a SQUID 
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~agnetometer. The development of the SQUIDS followed 

theoretical and experimental work on superconductivity which 

culminated in the late 1950s and early 1960s. In the 

superconducting state, metals are able to transport a de 

current with zero resistance. When a metal is cooled below 

its transition temperature, a fraction of the electrons 

condense into the superconducting state. The colder the 

metal, the larger the fraction of condensed electrons 

becomes. 

The SQUID sensor consists of a superconducting ring or 

loop of inductance L in series with a weak link. The 

designs of the weak link took many different forms ranging 

from a piece of wire with a blob of solder on it to a 

cylinder with saw cuts. The factors which govern the shape 

of the loops are their inductance, shielding, mechanical 

stability, and flux coupling efficiency. 

The low temperatures at which presently available 

superconductors operate require that the SQUIDs, and 

associated flux transformers, be maintained at temperatures 

in the vicinity of 10 degrees Kelvin. Therefore, the 

operation of SQUID magnetometers necessitates the use of 

liquid helium. 

Storage and transport of liquid helium is best 

accomplished in commercial superinsulated storage dewers 

such as those manufactured by Airco and Cryofab. These are 

available in light weight and highly efficient models 

constructed from aluminum and/or stainless steel. 

Following measurements were conducted on a SQUID 
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magnetometer using the techniques described in Fuller et al. 

(1985). Saturation isothermal remanent magnetization (sIRM), 

anhysterhetic remanent magnetization (ARM) and alternating 

field (AF) demagnetization were determined for each sample. 

The presence of single-domain magnetite was determined rock 

magnetically using the Lowrey-Fuller test (Lowrey and Fuller, 

1971). Cores of microbial mat and laminated sediment from 

Laguna Figueroa were taken with a 5 cm diameter plastic (PVC) 

corer and dissected with non-magnetic glass cover slips and 

wooden chop sticks. 

RESULTS AND DISCUSSION 

Laguna Figueroa 

Laguna Figueroa, located 20 km north of San Quintin, Baja 

California, Mexico, is a lagoonal complex with a salt marsh 

and evaporite flat separated from the ocean by a barrier dune 

and beach (Horodyski and Vonder Haar, 1975; Gorsline and Vonder 

Haar, 1977). Laminated sediments are being deposited in the 

area between the salt marsh and evaporite flat by a microbial 

community dominated by Microcoleus chthonoplastes (Horodyski 

et al., 1977). The annual laminations are occasionally 

interrupted by episodic flooding. The last of these floods 

occurred over a period of two years (1978-1980) and resulted 

in the decimation of the microbial mat community and the 

deposition of 5-10 cm of non-laminated sediment (Stolz, 1983, 

1984a,b, 1985). These mats and the laminated sediments they 

produce have been studied extensively as analogs to fossilized 

microbial communities and stromatolites (Horodyski et al., 
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1977; Margulis et al., 1980, 1983; Stolz and Margulis, 1984; 

Stolz, 1983, 1984a,b, 1985). 

Magnetotactic bacteria were found in salt marsh pools 

which border the evaporite flat. The greatest abundance was 

seen in surface sediments from pools which had a bacterially 

precipitated film of iron and manganese oxide on the water 

surface. Magnetococci were the most common although rods, 

vibrios and a colonial coccoid were also observed. The two 

different types of magnetococci were differentiated by both 

size and the location of the flagella. The larger, 5 um 

coccoid had a single chain of magnetite crystals which was 

aligned perpedicular to a veil of flagella which covered 

approximately one quarter of the cell surface (Figure la) . 

Each crystal was rectangular averaging 90 x 110 um in size 

(Figure lb). The second coccoid, 2 um in diameter, has a 

magnetosome aligned perpendicularly to two tufts of flagella 

(Figure le). The crystals are also rectangular in shape and 

average 90 x 110 um in size (Figure le). 

Single-domain, ultrafine-grained bacterial magnetite 

has a very distinctive coercivity spectra (Figure 2a). Each 

crystal behaves as a single dipole magnetic and imparts a 

strong natural remanent magnetization (NRM) to sediments 

(Stolz et al., 1986). A detailed analysis of the magnetic 

properties of the laminated sediments at Laguna Figueroa was 

carried out to determine whether bacterial magnetites were 

being deposited and preserved in them. These analyses were 

hampered by the presence of coarse-grained magnetite. Sand 

from the adjacent dunes was found to contain over 5% (wt/wt) 
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Figure 5-1 - Magnetotactic bacteria and bacterial magnetite from 

stromatolitic environments. Laguna Figueroa a-d, 

Sugarloaf Key e and f. a. magnetococcus with polar 

veil of flagella, b. magnetosomes from magnetococcus, 

c. magnetococcus with two tufts of flagella, d. 

magnetosomes extracted from sediments, e. magnetococcus 

with hexagonal shaped crystals, f. magnetosome with 

hexagonal shaped crystals extracted from carbonate 

sediments. F, flagella, M, magnetosome, all bars 200 

nm. 
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Figure 5-2 - Coercivity spectra with s!RM (squares), AF demagnetiozation 

of sIRM (circles) and AF demagnetization of ARM (triangles). 

a. bacterial pellet treated with 1% perchlorate, b. dune 

sand from Laguna Figueroa, c. surface laminated sediments, 

Laguna Figueroa, d. flood-derived sediments, Laguna Figueroa, 

e. old laminations, Laguna Figueroa, f. carbonate sediments, 

Sugarloaf Key. 
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coarse-grained magnetite. Rock magnetic studies were 

performed on the dune sand and used as a standard (Figure 2b). 

Cores collected from site 5 (Stolz, 1984b) in the fall of 

1985, had 1 cm of laminated sediment underlain by 4 cm of 

flood-derived sediment and 5 cm of old laminated sediment. 

The top 1 cm could be further differentiated into a 4 mm 

stratified microbial community and two sets of annual 

laminations. This stratified microbial community consisted 

of two surf ace layers dominated by oxygenic phototrophic 

bacteria (e.g. cyanobacteria) and two layers dominated by 

anoxygenic phototrophic bacteria (e.g. green and purple 

phototrophic bacteria). 

Rock magnetic studies showed that the surf ace 

laminations contained a mixture of ultrafine-grained and 

coarse-grained magnetite with a slight enrichment (-2 

times greater) of magnetic material in the two oxygenic 

layers (Figure 2C). The flood-derived sediments also 

contained a mixture, but contained at least ten times as 

much magnetite as the surface layers (Figure 20). 

Suprisingly, the old laminations (pre-flood) apparently 

contained only coarse-grained magnetite (Figure 2E). 

The incorporation of the bacterial magnetite into the 

laminated sediments appears to be dependent on the periodic 

submersion of the microbial mats as well as post-depositional 

factors. Magnetotactic bacteria have not been observed in the 

microbial mats of aerially exposed sediments. When the lagoon 

is flooded by either extreme high tides or the rare influx of 

meteoric water, magnetotactic bacteria inhabit the oxidized 
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surface sediments. Magnetotactic bacteria were observed in 

the surface sediments which covered the evaporite flat when 

Laguna Figueroa was flooded with 3 meters of water in the 

spring of 1980 (Kirschvink, unpublished). Although the 

flooding also brought an influx of coarse-grained component, 

the net result was the ten fold increase in magnetic material. 

It is also apparent that much of the bacterial magnetite may 

be removed in the older laminations by post-depositional 

factors. Similar to what occurs to the bacterial magnetites 

in the Santa Barbara Basin, the high concentrations of sulfide 

combined with anoxic and slightly acidic conditions favor 

their dissolution (Stolz et al., 1986). 

Sugarloaf Key 

The carbonate sediments of the Florida Keys (of which 

Sugarloaf Key is the third to last) have been recognized as a 

modern analog to ancient limestone deposits (Ginsberg, 1964) 

and stromatolitic domes were reported {Golubic and Focke, 1978). 

The intertidal marsh at Sugarloaf Key is a mangrove swamp with 

sediments composed of fine carbonate ooze and shelly fragments. 

On the surface, thumb-sized stromatolitic nodules are being 

deposited by a microbial community dominated by the 

cyanobacterium Schizothrix gracilis (Stolz unpublished, 

Golubic and Focke, 1978). Magnetotactic bacteria were seen in 

the carbonate sediments where the stromatolitic nodules were 

forming. Rods and a colonial coccoid were seen, but the most 

abundant morphology was an elongate coccoid with hexagonal 

shaped magnetite crystals (Figure le). The magnetite extracted 
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from these sediments is clearly bacterial in origin (Figure 

lf) . 

Rock magnetic studies of both the stromatolitic nodules 

and the surrounding carbonate ooze indicated the presence of 

single-domain magnetite (Figure 2f). Unlike Laguna Figueroa, 

there is no apparent source of coarse-grained magnetite and 

most if not all of the magnetite in these sediments is 

biogenic (Chang et al., 1987). In addition, the environment 

of deposition is ideal for the preservation of bacterial 

magnetites. 

Other Localities 

We examined hand samples of laminated sediments and 

stromatolites from other localities for the presence of 

biogenic magnetites (Table 1). The results of the rock 

magnetic studies suggest that ultrafine-grained magnetite 

is present in all of them. Bacterial magnetites have 

successfully been extracted from carbonaceous sediments from 

the Bahamas, flat laminated mat from the North Point locality 

of Shark Bay, Australia and carbonate stromatolites from 

Walker Lake, Nevada (Figure 3). 

CONCLUSIONS 

We have demonstrated that magnetotactic bacteria are 

found in environments where laminated sediments and 

stromatolites are being deposited. The ultrafine-grained 

magnetite they produce is being incorporated into these 

sediments and contributes to the magnetic properties. The 

preservation of this magnetite is dependent on post-
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depositional factors. 
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Figure 5-3 - Magnetite extracts from modern marine and stromatolitic 

environments. All have euhedral and prismatic crystals, 

characteristic of bacterially precipitated magnetite. 

a. carbonate sediments from Palma Solo Pond, Bahamas., 

b. flat laminated mat from the North Point locality, 

Shark Bay, Australia, c. lacustrine Walker Lake, Nevada. 

All bars 200 nm. 
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ABSTRACT 

We report the discovery of fossil bacterial, single-domain 

magnetite particles in ancient stromatolites. The 

biogenicity of the crystals was determined by the following 

criteria: 1) distinctive morphology and habit, 2) 

composition, and 3) environment of deposition. Stromatolites 

ranging in age from Early Proterozoic to Pleistocene, composed 

of both carbonate and chert, were analyzed for the presence 

of single-domain magnetite using rock magnetic methods. The 

granulometry and composition of the ultrafine-grained 

magnetite crystals extracted were determined by transmission 

electron microscopy and electron diffraction. The oldest 

magnetofossils were extracted from stromatolitic chert of the 

approximately 2000 Ma old Gunflint Iron Formation. The 

implications of these finds and the potential uses of fossil 
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bacterial magnetite in studies of the evolution of 

biomineralization and prokaryotic metabolic processes, 

paleomagnetism, and as an indicator of ancient oxygen 

levels are discussed. Bacterial magnetite represents the 

oldest evidence of biomineralization yet discovered in the 

fossil record. 

INTRODUCTION 

Biomineralization producing hard parts was a major 

innovation in the history of life (Lowenstam and Margulis, 

1980). The most profound biomineralization event took place 

at the base of the Cambrian System, some 540 to 570 Ma ago, 

when cyanobacteria, algae and numerous phylogentically 

distant invertebrates developed the ability to secrete hard 

parts. Although the cause(s) of this event is unknown 

studies on extant organisms indicate that the mineral­

forming mechanisms range from "matrix-mediated" to 

"biologically-induced" (Lowenstam, 1981) . Biologically­

induced minerals have crystal habits and chemical signatures 

that are governed by the same equilibrium principles that 

control the crystallization of their inorganic counterparts. 

In contrast to this, matrix-mediated minerals are usually 

grown in a pre-formed organic framework (the matrix). 

A high level of biochemical control makes their size, shape 

and chemical signature distinguishable from possible 

inorganic counterparts. 

It was recognized by Blakemore (1975) that members of 

the bacteria have the ability to biomineralize magnetite 
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within their cells and it is a clear example of a matrix­

mediated mineral (Lowenstam and Kirschvink, 1985). The 

morphology, structure and composition of bacterial magnetite 

have been well studied (Frankel et al., 1979; Towe and 

Moench, 1981; Blakemore, 1982; Matsuda et al., 1983; Mann 

et al., 1984a,b). The crystal morphologies generally fall 

into one of three categories: 1) hexagonal prisms (Towe and 

Moench, 1981; Matsuda et al., 1983; Mann et al., 1984a), 2) 

cuboid (Frankel et al., 1979; Mann et al., 1984b), and 3) 

tear-drop (Blakemore, 1982). These shapes are all quite 

different from the typical octahedral morphology of 

inorganically formed magnetite. In addition, biogenic 

magnetites tend to be chemically pure (Towe and Moench, 

1981; Mann, 1985) in contrast to igneous and metamorphic 

magnetites which often have higher levels of some other 

transitional metals such as titanium (Haggerty, 1976). 

Besides their distinctive shape and composition, 

bacterial magnetites have a unique size distribution. 

All of the bacterial magnetite crystals studied by high 

resolution TEM to date have sizes ranging from 0.05 to 0.3 

um that fall within the size range of single-domain stability 

field of magnetite (Towe and Moench, 1981; Chang et al., 1987; 

see also Fig. 4). The restricted size range for these 

biogenic magnetites has been interpreted to be the result 

of natural selection operating on organisms that use their 

internally-formed magnetite for directional sensitivity 

(Blakemore, 1975; Kirschvink, 1983). These characteristic 
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Figure 5-4 - Size and shape distribution of magnetite particles found 

in magnetotactic bacteria and magnetotactic algae from 

previously reported occurrences as plotted in the theoretical 

derived stability field diagram of magnetite (Butler and 

Banerjee, 1975). 
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properties, combined with the widespread distribution and 

abundance of magnetotactic bacteria (Moench and Konetzka, 

1978; Chang et al., 1987), suggest that biogenic magnetite 

should be present and recognizable in the rock record. 

The formation of magnetite in Aguaspririllum 

magnetotacticum is known to require some amount of free 

oxygen (Blakemore et al., 1985; maximum yield of magnetite 

is obtained with the initial oxygen concentration at about 

5% of the present oxygen level and virtually no magnetite 

is formed when the oxygen concentration goes below 2.5% of 

present atmospheric level). To our knowledge, all natural 

environments in which living magnetotactic bacteria have 

been found are microaerobic (typical niche of magnetotactic 

bacteria is at the sediment-water interface where the abrupt 

decrease of oxygen concentration is observed) . The study of 

bacterial magnetite crystals in the fossil record could 

therefore provide constraints on the chemistry of bottom 

waters through the Phanerozoic, and may ultimately shed 

light on the evolution of free oxygen during the Precambrian. 

Furthermore, bacause magnetotactic bacteria use the 

magnetite they produce as a compass orientation (Frankel, 

1984), the presence of fossil bacterial magnetites in the 

pre-Phanerozoic would imply the existence of a geomagnetic 

field. 

MATERIAL AND METHODS 

Samples from sixteen localities spanning almost 

3,500 Ma of geological time from the Middle Archaean to the 
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late Cenozoic were examined for biogenic magnetite (Table 2). 

Obsidian samples that are rock-magnetically shown to contain 

single-domain magnetite as their major remanence carrier were 

studied as a reference for examining the morphology of 

typically inorganically-formed ultrafine-grained magnetite 

particles. 

The rock magnetic techniques used in this study have 

been described elsewhere (Stolz et al., 1987). saturated 

isothermal remanent magnetization (sIRM) acquisition and 

alternating fields (AF) demagnetization (coercivity spectra) 

analyses were employed to determine the major magnetic phase 

in each sample. If magnetite was found as the main magnetic 

carrier, the revised Lowie-Fuller test (Johnson et al., 1975) 

was then performed to determine the size distribution of 

these particles. Only those samples that were shown by 

these methods to contain single-domain magnetite particles of 

the characteristic size underwent magnetic extraction. 

The magnetic extraction procedure is basically the 

same as that used by Chang and Kirschvink (1985) for marine 

sediment. Two minor differences are that the chert samples 

were pulverized to a sub-micron sized powder to separate the 

magnetic particles from the chert matrix and the carbonate 

samples were treated with SN acetic acid (Chang et al., 

1987) to dissolve carbonate phases before the general 

extraction procedure. For testing the effects of grinding 

on the geometry of ultrafine-grained magnetite particles, 

magnetite standard particles (around 0.2 um in size) were 
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Table 2 

OCCURRENCES OF FOSSIL MAGNETITE PARTICLES 

Formation and Age Description Extract SQUID 
Location 
Furnace Creek Pliocene stromatolitic N .D. H 
California ( 1) limestone 
Ocean sediment Pliocene calcite cuboidal, SD 
Bahamas (2) sediments tear-drop 
Potamida Clay Miocene marine prismatic, SD, MD 
Crete (3) clays hexagonal 
DSDP 522 core Oligocene deep-ocean cuboidal, SD, MD 
South Atlantic (4) sediments euhedral 
DSDP 523 core Eocene deep-ocean prismatic, SD, MD 
South Atlantic (5) sediments tear-drop 
Green River Eocene stromatolitic N.D. MD 
Wyoming (1) limestone 
Sinskian, Cambrian black marine cuboidal SD 
Siberia, USSR (6) limestone 
Nama, 700 Ma black cuboidal SD 
South Africa (9) limestone 
Beck Spring > 850 Ma stromatolitic octahedral SD, MD 
California chert 
Bitter Springs 850 Ma stromatolitic cuboidal, SD, MD 
Australia (1) chert octahedral 
Bitter Springs 850 Ma intercolumnar N .D. H 
Australia (1) chert 
Skillogalee 1000 Ma black octahedral SD, MD 
Australia (7) chert 
Dismal Lake 1200 Ma black octahedral SD, MD 
Canada (7) chert 
Vempalle 1400 Ma stromatolitic prismatic, SD, MD 
India (7) chert octahedral 
Gunflint 2000 Ma stromatolitic cuboidal, SD, MD 

Canada (1) chert octahedral 
Foetescue 2700 Ma gray octahedral MD 
Australia (8) limestone 
Warrawoona ( 7) 3500 Ma black N.D. H 

1. s. Awramik, UC Santa Barbara, CA 
2. McNeill et al., 1987 
3. Chang and Kirschvink, 1985. 
4. Kirschvink and Chang, 1984. 
5. Petersen et al., 1986. 
6. Chang et al., 1987 
7. Schopf, J. W., UCLA 
8. Buick, R., Harvard 
9. Grant, s., Harvard 

N.D. not determined; SD single-domain magnetite; MD multi-domain magnetite 
H high coercivity phase (hematite or goethite). 
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also ground and examined by TEM. 

The final magnetite extracts were placed on carbon 

coated grids and observed with a Phillips 201 transmission 

electron microscope at 80 kV. Several magnetite extracts 

were also examined by a JOEL JSM-840 high resolution 

scanning electron microscope (SEM). Electron diffraction 

on the TEM (Towe, 1985) and energy dispersive X-ray analysis 

on the SEM were used to determine the phase and composition 

of the extracts. 

RESULTS AND DISCUSSIONS 

Cenozoic Stromatolites 

Two Cenozoic stromatolite samples were studied: one 

from the Pliocene Furnace Creek Formation, Death Valley, 

California (see Pitts, 1983) and the other from the Eocene 

Green River Formation, Colorado (see Surdam and Wray, 1976). 

Both stromatolites are columnar, well laminated, composed of 

limestone and formed in lacustrine environments. No organic 

walled microbial fossils have been detected in this material. 

Although single-domain biogenic magnetite has been detected in 

extant lacustrine stromatolites from several localities (Stolz, 

et al., in press), the rock magnetic studies of the fossil 

examples did not reveal the presence of any single-domain 

magnetite in either sample. 

The Furnace Creek sample is heavily leached and 

superficially stained by reddish iron oxides, probably 

hematite. Coercivity spectral· analysis (Fig. SA) suggests 
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Figure 5-5 - Spectra with IRM (squares) acquisition, AF demagnetization 

of sIRM or IRM gained at 10000 Gauss (circles), and AF 

demagnetization of ARM (triangles). The intersection 

point of the IRM acquisition and the AF demagnetization 

of IRM curves generally represents the coercivity of the 

sample. Comparing the median destructive field (MDF) of 

the sIRM and the ARM (so called the Lowrie-Fuller test) 

will tell you whether the single-domain (if the MDF of the 

ARM is larger than that of the sIRM) or the multi-domain 

(if vice versa) magnetite is the major remanence carrier 

in the sample. a. stromatolite from Pliocene Furnace Creek 

Formation, Death Valley, California, b. stromatolite from 

Eocene Green River Formation, Wyoming, c. carbonate core 

sample from San Salvador Island, Bahama Islansds, d. 

obsidian sample from unknown locality, e. The Gunflint 

chert sample, this spectrum is commonly observed for 

other Precambrian chert samples we analyzed. 1 mT • 10 

Gauss. 
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its remanence resides in some high coercivity phases, like 

hematite or goethite. In contrast, both the coercivity 

spectral and the Lowrie-Fuller test (Fig. 5B) for the Green 

River sample show some very low coercivity phases, such as 

multi-domain magnetite or maghemite, as their major remenance 

carriers. 

The mesoscopic and microscopic nature of the lamination 

of the Green River stromatolite is superficially similar to 

the microstructure found in many extant laminated 

stromatolites and microbial mats such as those forming in 

the hypersaline marine environment of Hamelin Pool, Shark Bay, 

Western Australia (Surdam and Wray, 1976) and in Laguna 

Figueroa, Baja California, Mexico (Margulis et al., 1980). 

We have detected both magnetotactic bacteria and bacterial 

magnetite within the fixed microbial mat samples from the 

surface of these two extant stromatolite localities (Chang 

et al., 1987: Stolz et al., in press). Our study of the 

magnetic grain-size variations in laminated microbial 

sediments from Laguna Figueroa revealed the disappearance 

of single-domain magnetite crystals with depth, which we 

interpret as the result of iron reduction coupled with 

decay of organic matter (Stolz et al., in press). The 

same type of biologically induced chemical dissolution 

processes could have occured in the Eocene Green River 

environment and account for the absence of single-domain 

magnetite from the sample. Early cementation/lithification 

of degrading microbial mat material which may have not 
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occurred with the Green River samples and does not occur 

at Laguna Figueroa, may be conducive for the preservation 

of biogenic magnetite. 

Cenozoic Marine Sediments 

In contrast to these Cenozoic lacustrine stromatolites, 

previous studies by some of us (Kirschvink and Chang, 1984: 

Chang and Kirschvink, 1985) and that of Patterson et al. 

(1986) have demonstrated a widespread distribution of fossil 

bacterial magnetite in marine sediments. No Cenozoic marine 

stromatolites were available for comparison in this study. 

The discrepancy concerning the preservation of bacterial 

magnetite in different depositional environments led us to 

reassess our selection of material for analysis. 

If the proposed mechanism for the disappearance of 

single-domain magnetite (iron reduction coupled with decay 

of organic matter; Karlin and Levi, 1983, 1985; Stolz et 

al., in press) is correct, we should be able to see an 

inverse correlation between the abundance of bacterial 

magnetite preserved and the total organic carbon (TOC) 

content of the sediment. Johnson-Ibach (1982) has compiled 

analyses of TOC in numerous DSDP core samples and obtained 

a relationship between the TOC and sedimentation rate; 

generally speaking, TOC decreases with increasing 

sedimentation rate due to the elastic dilution of the 

organic input. In the same study, he also found that, at 

a given sedimentation rate, the TOC by weight percent 

increases incrementally from calcareous sediments to 
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calcareous-siliceous sediments to siliceous sediments to 

black shale. If one then assumes a constant supply of 

bacterial magnetite into the sediments, the bacterial 

magnetite particles should appear to be most abundant and 

best preserved in calcareous sediments with a high 

sedimentation rate. This is exactly what we observed in 

DSDP site 522 and other deep sea core samples (see Table 1 

of Kirschvink and Chang, 1984). Similarly, bacterial 

magnetites are well preserved in the flood derived sediments 

at Laguna Figueroa, an observation that can also be explained 

by the elastic dilution of organic material during the flood 

period. 

Another potential complication in our study of the 

Proterozoic stromatolites is the effect of the long term 

geological processes on the bacterial magnetite. Until now, 

reports of bacterial magnetite crystals have been restricted 

to clays and deep sea soft sediments, with no definitive 

reports from consolidated sedimentary deposits. To test 

for possible effects of lithification on biogenic magnetite, 

we studied a set of marine carbonate core samples of Pliocene 

to Recent age from the island of San Salvador in the Bahamas 

that had been subjected to a minimum of diagenetic alteration 

(McNeil! et al., 1988). We have previously detected both 

magnetotactic bacteria and bacterial magnetite in the surface 

sediments of the Florida Keys (Chang et al., 1987; Stolz et 

al., in press), which has a similar depositional setting as 

the Bahama Banks (Ginsburg, 1964). A typical coercivity 
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spectrum and ARM Lowrie-Fuller test (Fig. SC) for these 

samples indicate that single-domain magnetite is the primary 

magnetic mineral present. Two types of single-domain 

magnetite particles were identified from the magnetic 

extracts; one that has a tear-drop shape {Fig. 6A), and 

another that is cuboidal (Fig. 6B). Both of these types 

are commonly observed in magnetotactic organisms (e.g. 

Blakemore, 1982; Torres de Araujo et al., 1986), strongly 

suggesting a biogenic origin. The edges of the crystals 

are well defined and do not seem to have been affected by 

secondary diagenetic processes. On the other hand, single­

domain magnetite crystals recovered from much older 

limestone samples of the Early Cambrian Sinskian Formation 

of the Siberian Platform (Chang et al., in press; Fig. JC) 

show much fuzzier outlines. This degradation of morphology 

is probably due to partial oxidation and alteration of the 

crystal surface to maghemite and other iron oxides, which 

are then removed during the magnetic extraction process 

(Kirschvink and Chang, 1984). Nevertheless, the alignment 

of the crystals in a chain and their generally cuboidal 

shape still imply a bacterial origin. 

Proterozoic Stromatolites and Microfossiliferous Cherts 

Table 2 lists data for eight representative stromatolitic 

chert samples, some of which are microfossiliferous, spanning 

from Middle Archean to Late Proterozoic which we have studied. 

Samples were selected on the basis of known paleontological 

significance and availability to us. Details on the 
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Figure 5-6 - Ultrafine-grained magnetite from ancient stromatolitic and 

other depositional environments (a-c, f-j), obsidian (e), 

and ultrafine-grained magnetite standard after grinding 

(d). a-b. carbonate core sample from San Salvador 

Island, c. Cambrian Sinskian Formation, Labaia Lena 

River, Siberia, f,h,j, the Gunflint chert, the octahedral 

crystal assemblage shown in f has been identified from 

other Precambrian chert samples we examined. g. the Bitter 

Spring chert, i. the Vampalle chert. Scale bars lOOnm 

except d-f 500nm. 
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biogeology and a general overview on the geology of each 

formation from which the samples were collected are also on 

Table 2. Each of the samples were reduced to sub-micrometer 

sized powders in a motor-driven ceramic grinder before 

subjecting to magnetic extraction. Fig. 60 shows some of 

the ultrafine-grained magnetite particles remained intact 

after grinding. As a control, we also applied some grinding 

and magnetic extraction procedure to a cryptocrystalline 

obsidian sample for which the Lowrie-Fuller test (Fig. 50) 

suggested that single-domain magnetite as the primary phase. 

We found only euhedral single-domain magnetite with no 

evidence of abrasion due to the grinding. The shape of 

these inorganically formed magnetite particles is mostly 

octahedral (Fig. 6E), which is easily distinguished from 

that of bacterial magnetite. 

Rock magnetic analyses of Archean Warrawoona Group and 

Fortescue Group samples show their remanences mainly reside 

in a high coercivity phase (the former) or multi-domain 

magnetite particles (the latter). In contrast, rock magnetic 

analyses of Proterozoic samples generally show a mixture of 

multi-domain and single-domain magnetite as their major 

remanence carrier. In three of them (Skillogalee, Dismal 

Lake and Beck Spring), multi-domain and single-domain 

octahedral crystals are the dominant type observed in the 

magnetic extracts (Fig. 6F). In magnetic extracts of the 

Bitter Springs, Vampalle and Gunflint samples, in addition 

to octahedral crystals, we have detected prismatic and 
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cuboidal single-domain magnetite crystals which resemble 

bacterial magnetite particles (Figs. 6G, H, I, J). Some 

multi-domain magnetite spheres (Fig. 7) with a presumably 

diagenetic or or authigenic origin were found associated 

with the ultrafine portion of magnetite extract. The 

paragenetic relationship between these spheres and the 

bacterial magnetite-like particles is difficult to determine. 

Although we can not definitively prove a biogenic origin 

for these prismatic and cuboidal single-domain magnetite 

crystals, they are certainly distinct from single-domain 

magnetite particles isolated from the obsidian sample and 

resemble forms of modern biogenic (bacterial) magnetite. 

IMPLICATIONS 

If the bacterial magnetite identified in the Gunflint 

stromatolites are indeed of biogenic origin, it would 

represent the oldest evidence for matrix-mediated 

biomineraliztion. As for other implications, only certain 

speculations can made from these results. These findings 

agree with a previously published report that the present 

level of the Earth's magnetic field strength appeared by 

2000 Ma ago (Merrill and McElhinny, 1983). The 

magnetotactic bacteria in the Gunflint provides independent 

evidence that agrees with other evidence and conclusions 

that free oxygen had begun to accumulate in the environment 

somewhat before 2000 Ma ago (Walker et al., 1983). However, 

using bacterial magnetite as a paleooxygen level indicator 

is somewhat tenuous because of the problem of localized 
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Figure 5-7 - Magnetite assemblage extracted from the Gunflint chert 

sample as examined under the high resolution SEM. EDAX 

analysis shows Fe is the only cation phase present. 

Notice the association of the magnetite spheres with the 

ultrafine-grained magnetite. The morphology of these 

ultrafine-grained magnetite particles is hard to be 

resolved. 
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oxygen production by cyanobacterial blooms or microbial mats 

need to be accounted for. Whether the Gunflint bacterial 

magnetite reflects global atmospheric oxygen content that 

had reached 5% PAL is doubtful. In the future, sediments 

from well mixed environments in which magnetotactic bacteria 

are not associated with oxygenic microbiota ought to be 

examined. 

CONCLUSIONS 

Fossil bacterial magnetite particles with distinctive 

morphology have been identified from ancient consolidated 

carbonates from the Bahamas. Single-domain magnetite 

particles strongly resembling bacterial magnetite or 

aligned as a chain with fuzzy outlines were identified in 

Proterozoic Bitter Springs, Vampalle, and Gunflint chert 

samples. The apparent occurrence of bacterial magnetite 

in the Gunflint sample suggests that matrix-mediated 

biomineralization appeared at least as early as 2,000 My 

ago. It also supports currently accepted hypotheses 

about the evolution of the Earth's magnetic field and the 

Precambrian atmospheric oxygen level. 
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APPENDIX I 

A Candidate Magnetic Sense Organ in the Yellowfin Tuna, 

Thunnus albacares 

Abstract. Single-domain magnetite crystals have been isolated and characteri:.ed 
from tissue located in a sinus within the dermethmoid bone of the skull of the 
yellow.fin tuna, Thunnus albacares. Their chemical composition, narrow si:.e distri· 
burion, and distinctive crystal morphology indicate that these crystals are biochemi· 
cal precipitates. Experiments on the interaction ben.-een particles rel·eal the orga­
nization of the particles in situ and suggest a possible form for candidate magnetore· 
ceptor organelles. The consistent locali:.ation of such particles with similar arrange­
ment 14'ithin the dermethmoids of this and other pelagic fishes suggests that the 
ethmoid region is a possible location for a vertebrate magnetic sense organ. 

Magnetic material has been detected 
in the tissues of various metazoan spe· 
cies U-5). Although the material is in­
ferred to be magnetite, in many cases 
this has not yet been established, and 
external contaminants have not been ex­
cluded as possible sources of magnetic 
remanence. Even in the homing pigeon 
and the honey bee, detailed localization 
of the magnetite has proved difficult to 
ascertain, and the particles have not 
been isolated or characterized previous­
ly (J, 4). For many of the species stud­
ied. behavioral evidence for magnetic 
sensitivity is lacking or in dispute. 

Earlier we reported reproducible con­
ditioned responses to earth-strength 
magnetic fields in the ycllowfin tuna, 
Thunnus albacares (6). We now report 
the detection, extraction. and character­
ization of magnetite crystals from tissue 
within a sinus formed by the dermcth· 
moid bone of the skull of this species. 
The crystals have a narrow size distribu­
tion. are single magnetic domains, and 
have morphologies similar to other bio· 
chemically formed magnetites. Studies 
of the interactions between particles sug­
gest that the crystals arc arranged in 
groups or chains in the dcrmethmoid 
tissue. Magnetite-based magnctorccep­
tor organelles arranged in vivo in a form 
consistent with these observations could 
provide these fish with a sensitive mag­
netoreception system. 

To distinguish magnetic material with 
a possible magnetoreccptive function 
from other deposits, we sought to identi· 
fy a tissue with the following characteris· 
tics: (i) it should have a high remanent 
magnetic moment roncentrated in a 

small volume of sample compared with 
other tissues from the same fish; (ii) the 
anatomical position of the magnetic tis­
sue must be consistent from fish to fish; 
(iii) the bulk magnetic properties. includ­
ing particle cocrcivity. should be similar 
in different individuals and in different 
species of fish: and (iv) it should be 
innervated. 

Tissue and organ samples, including 
bones of the body and the skull. skin. 
sense organs. viscera, and swimming 
muscles. were dissected from three I· 
year-old yellowfin tuna (fork length. 40 
to .SO cm) with glass microtome knives 
and handled with nonmetallic tools in a 
magnetically shielded. dust-free clean 
room. Although subsequent dissections 
focused on the most magnetic tissue, 
other samples were measured in all fish. 
Samples were washed in glass-distilled 
water, frozen in liquid nitrogen. exposed 
to strong fields from a cobalt-samarium 
magnet or an air-core impulse solenoid 
(7). and tested for isothermal remanent 
magnetization (IRM) in a superconduct­
ing magnetometer. We extracted the 
magnetic material for other tests by com· 
bining the magnetic tissue from several 
fish. grinding the tissues in a glass tissue 
grinder. extracting released fats with 
ether. digesting the remaining cellular 
material in Millipore filtered .S percent 
sodium h~·pochlorite solution lcommer­
cial bleach I. and briefly treating the resi­
due with O.SM EDT A (pH 7.1). Afrcr 
centrifuging and washing. agregates of 
black particles could be separated mag­
netically from the residue: control sam· 
pies of originally nonmagnetic tissues 
yielded no such product. The magnetic 
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powder extracted from the dermethmoid 
tissue was analyzed by x-ray diffraction. 
electron microprobe. and transmission 
electron microscopy <TEMJ. 

Of I 7 tissues and organ samples exam· 
ined for magnetic remanence. 15 had 
mean moments less than 500 pA·m2• and 
t..,.o (eye tissue and dermethmoid bone) 
had moments greater than 1000 pA·m2 

(81. The intensities of magnetization of 
these samples identified the frontal and 
dermethmoid bones as the samples con· 
taming the greatest concentrations of 
magnetic material (8) Subdivision and 
remeasurement of the dermethmoids 
from a number of fish suggested that the 
magnetic material was contained in a 
smu' formed within the dermethmoid 
oone Because the dermethmoid bones 
acquired greater moments C260 to 3000 
pA·m21 than the frontal bones <59 to 300 
p~·m2 J and were always clearly magnet· 
ic. we focused our remaining studies on 
the dermethmoid bone and on the tissue 
ll contained in particular. 

The frozen dermethmoid tissues of 
seven yellowfin tuna had natural rema· 
nent magnetization moments at or belo..,. 
the instrument noise level I< 50 pA-m2J. 
We magnetized these samples (600 to 
~000 pA·m21 and allowed them to warm 
w room temperature. measuring their 
moments at 5-minute intervals. The mo· 
ments retained by the samples all de· 
ca~ed with time. although not all lost 
their moments completely within the pc· 
nod of the experiments (I hour). This 
o!iservation suggests that. as the tissues 
thawed. the orientation of the magnetic 
ranicles became randomized through 
thermal agitation. 

We washed and refroze the dermeth· 
moids of four fish. subjected them to 
magnetic fields of progressively increas· 
mg strength with the impulse solenoid. 

and then demagnetized them with pro· 
gressively increasing alternating fields 
(Afl. The magnetic moment remaining 
after each step in these procedures was 
measured in the magnetometer. The der· 
methmoids acquired virtually all of their 
magnetization in fields between JO and 
200 mT and lost it again in alternating 
fields between 10 and 100 mT <Fig. I). 
The absence of the multi-domain magne· 
tite particles detected by Zoeger et al. (5) 

in the Pacific dolphin. Delphinus de/phis, 
is indicated by the ftatness of the Af 
demagnetization curve below peak fields 
of 10 mT. The almost complete satura· 
tion of the samples in fields above 200 
mT rules out the presence of hematite 
and metallic iron alloys, which will con· 
tinue to acquire remanence in fields 
above 1000 mT. 

If the magnetic particles producing the 
moment were uniformly dispersed 
throughout the dermethmoid tissue. the 
IRM acquisition and Af demagnetization 
curves would be symmetrical about the 
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Fig. 2. Isolated magnetite crystals from the 
ycllowfin tuna dermcthmoid tissue. Scale bar 
is 100 nm. 

50 percent magnetization point Thi' fol­
lows because magnetic moments that are 
aligned by a given impulse field le' el 
should also be moved b) an alternating 
field of the same strength. Interactions 
between the particles aid Af demagneti­
zation and inhibit IRM acquisition. di;­
placing the curves and causing their in· 
tersection to fall below the 50 percent 
magnetization point (9). Ho" e'er. the 
abscissa of the intersection point still 
provides a good estimate of the median 
coercivity of magnetic pan1cle> in the 
sample (9). The ordinate and the abscissa 
of the intersection of the Af demagneti· 
zation and IRM acquisition cune; for 
the yellowfin tuna dermethmoids were at 
30 percent magnetization and 40 m T. 
respectively <Fig. I). These data are 
compatible with the presence of about 
8.5 x 107 single-domain magnelile parti­
cles in the dermethmoid tissue: the;e 
panicles are approximate!) 50 nm m 
length. have axial ratios of about 0.8 
(10). and are organized into interacting 
sroups or chains (9, I}). 

An x-ray diffraction ~attern identified 
,magnetic panicles exrracted from the 

dermethmoid tissue as crystalline mag­
netite (}]). Electron microprobe <Ca­
meca MBX) analysis showed that the 
crystals were pure, containing no mea· 
surable titanium. chromium. or manga­
nese (//). In TEM. the isolated cr) stal<. 
were 45 :t 5 nm in length and 38 = 5 nm 
in diameter (mean ::: standard error of 
the mean) <Fig. 2). These dimensions fall 
within the single-domain stabiht) field of 
magnetite (/3). and their sizes and axial 
ratios match the particle coerciviues 
measured in whole tissues. The crystals 
do not conform to the octahedral crystal 
morphology or lognormal size-frequenq 
distributions normally shown by geolog· 
ic or synthetic magnetites t/4). Nonocta· 
hedral crystal habits and uniform size 
distributions are characteristic of chiton 
and bacterial magnetites (15). which sug­
aem that crystal morpholog) is a useful 
means of distinguishing biologic from 
nonbiologic magnetites t/5. 161. 

The propenies and organization of the 
magnetite particles in the dermethmoid 
tissue of the yellowfin tuna meet precon­
ditions for use in magnetoreception and 
suggest a possible form for magnetite 
based magnetoreceptors. Their chemical 
composition. uniform size. and biolog1-
cally distinctive morpholog} are evi­
dence of closely controlled biominerali­
zation processes and. consequent!). 
magnetic properties. The crystals will 
have a coupling energy with the geomag­
netic field of about 0.1 kT. The} are 
therefore too small to contribute ind111d· 
ually to magnetoreception since their ne1 
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alignment. as given b; the Langevin 
function. will be poor(} 7J. Organization 
of the panicles into chains similar to 
those in the magnetosomes of magneto­
tactic bacteria 1/8 l will yield greater cou­
pling energies and is consistent with the 
interactions between the particles de­
tected m the dermethmoid tissue. The 
deca; w11h warming of the !RM acquired 
b; the dermethmoid tissue indicates that 
the pan1cle groups are at least panially 
free to rotate. Taken tol!ether. these re­
suit s suggest an association of the pani­
cles ~ ith a mechanoreceptor that detects 
the position or movement of the groups. 
Theoretical analyses (19) sho~ that 
chains of 20 to 60 panicles would pro­
vide ideal coupling energies with the 
geomagnetic field for use in magnetore­
ception. Assuming that the 8.5 x 10' 
panicles detected in the dermethmoid 
tissue are arranged in such a fashion. a 
magnetite-based mal!netoreception sys­
tem in the yellowfin tuna could resolve 
magnetic field direction to within a few 
seconds of arc. or mal!net1c field intensi­
ty differences of I to 100 nT (19). 

Gross dissection of the dermethmoid 
region of the yellowfin tuna revealed the 
supraophthalmic trunk nerve. which car­
ries branches ol the trigeminal. facial. 
and anterior lateral line nerves and 
which ramifies in the ethmo1d region. 
Histological studies have SUii?ested the 
presence of nerve axons in the dermeth­
moid tissue <20!. A suitable physical and 
possible neural basis for previous!; dem­
onstrated behavioral responses to mag­
netic fields has thus been demonstrated 
for the tint time in one species. Our 
magnetometry results are consistent in 
phylogenetically distant fishes U2J and. 
along with similar results for other vene­
brates II. 4. 5). suil!est that the ethmoid 
region of the skull is a likely site for a 
venebrate magnetic sense organ. 

Note added in proof: Magnetite crys­
tals isolated from the dermethmoid tis­
sue of chinook salmon. Oncorhynchus 
tshawytscha. are organized in chains 
when viewed in TEM (2/). 
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Summar). Although the presen~ of magnetite in 
their tissues is correlated with the ability of differ­
ent species to detect magnetic fields. pr:oof that 
the magnetite is involved in magnetoreception has 
not yet been provided. Using the approach em­
ployed to localize and isolate magnetic particles 
in the yellowfin tuna. we found that single-domain 
magnetite occurs in chains of particles in tissue 
contained within the dermethmoid cartilage of 
adult chinook salmon. Oncorhynchus tshaMytscha. 
The particles are present in sufficient numbers to 
provide the adult fish with a very sensitive magne­
toreceptor system. Magnetite in the chinook can 
be correlated with responses to magnetic fields in 
a congeneric species, the sockeye salmon. Based 
on the presence of the chains of particles. we pro­
pose behavioral experiments that exploit the re­
sponses of sockeye salmon fry to magnetic fields 
to test explicit predictions of the ferromagnetic 
magnetoreception hypothesis. 

Introduction 

Discoveries of fine-grained magnetite in the bodies 
of honeybees and homing pigeons (Gould et al. 
1978; Walcott et al. 1979) stimulated theoretical 
analyses of the suitability of the particles for use 
in magnetoreception (e.g. Yorke 1979, 1981; 
Kirschvink l 979; Kirschvink and Gould 198 l) and 
attempts to demonstrate magnetite and magneto­
sensory abilities in other species. For example. re­
cent studies found conditioned responses to mag­
netic field stimuli and approximately 100 million 
interacting particles of pure single-domain magne­
tite, possibly associated with nervous tissue, in tis-

sue contained within the dermethmoid bone of the 
skull of the yellowfin tuna, Thunnus albacares 
(Walker 1984; Walker et al. 1984). Magnetic mate­
rial, at least some of which is fine-grained magne­
tite, has been found in tissue from the premaxil­
loethmovomerine block of bones in the skull of 
the European eel, Anguilla anguilla (Hanson et al. 
t984a. b), which also responds to magnetic fields 
(Branover et al. 1971; Tesch 1974). These results 
from phylogenetically distant species imply that 
magnetite and magnetosensory abilities are wide­
spread among teleost fishes. 

Proof that magnetite mediates magnetorecep­
tion, however, will depend on behavioral test~ of 
predictions of the magnetite-based magnetorecep­
tion hypothesis. Such tests require identification 
of species that make appropriate responses to mag­
netic fields in experimental situations and that also 
possess mallJetite suitable for use in magnetore­
ception. One possibility is juvenile sockeye salmon. 
Oncorhynchus nerka, which exhibit spontaneous 
directional preferences in orientation arenas that 
generally correspond to the axis of the nursery lake 
to which newly emerged fry migrate (Brannon 
1972). In a series of investigations into the behav­
ior of sockeye salmon, Quinn and his colleagues 
(Quinn 1980; Quinn et al. 1981; Quinn and Bran­
non 1982) have shown that the directional prefer­
ences in orientation arenas of lake-migrating sock­
eye salmon fry and smolts can be controlled b) 
magnetic fields. Quinn et al. (1981) were able to 
predict from their behavioral observations that the 
magnetoreceptor of the salmon must be capable 
of operating in the dark, in the absence of water 
flow in both fresh and sea water, and be adaptable 
to geomagnetic field changes occurring over ieo­
Jogic time. These predictions are compatible with 
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the hypothesis that the magnetoreceptor of the 
salmon is based on magnetite. Demonstration of 
magnetite in salmon. therefore, should open the 
wa) for adaptation of currently available proce­
dures for behavioral tests of predictions of the fer­
romagnetic magnetoreception hypothesis. 

Here we report that single-domain magnetite 
occurs in tissue from the same area of the skull 
of adult chinook salmon. Oncorhynchus tsha~yts­
cha. as it has been found in the yellowfin tuna 
and the European eel. We also have isolated chains 
of the particles from the tissue where previously 
we could not, although the particles had been in­
ferred to lie in small clumps or chains from their 
magnetic properties (Walker et al. 1984). Sufficient 
numbers of the panicles are present to fonn a very 
sensitive magnetoreceptor organ. We conclude by 
proposing behavioral tests of the magnetite-based 
magnetoreception hypothesis that exploit the tt· 
sponses of sockeye salmon fry to magnetic field 
polarity in the orientation arenas used by Quinn 
etal.(1981). 

The magnetite-based magnetoreception hy­
pothesis predicts, inter alia. that for magnetic parti­
cles to be used in magnetoreception they, or groups 
of them. must (1) be magnetized unifonnly and 
be large enough to align with the geomagnetic field 
against the randomizing effects of thennal buffet­
ing (K1rschvink 1983; Kirschvink and Walker, in 
press). and (2) be biochemical precipitates to pro­
vide the unifonn magnetophysical properties nec­
essary· for magnctoreception. Magnetic material 
that could be used for detecting both magnetic field 
direction and intensity (see Discussion) therefore 
should have a high remanent magnetic moment 
concentrated in a small volume of sample, 1 consis­
tent anatomical position. and similar bulk magnet­
ic propenies within and among species (Walker 
et al. 1984). Magnetic material has been located 
most consistently in the heads of venebrates (Wal­
cott et al. 1979; Mather and Baker 1981 ; Zoeger 
et al. 1981 ; Baker et al. 1983; Beason and Nicholls 
1984; Perry et al.. in press), and in the front of 
the skull in particular in fishes. From these results 
we predict that magnetite should be located in the 
front of the skull of the salmon. 

Materials and methods 

Heads from four adult. net-cau1h1 chinook salmon were dis· 
sec:ted usmr 1lass kn1,·es and non-metallic tools in a ma1ne1i­
call)·Sh1elded. dust and maf11etic particle-free dean labora1or) 
at the Cahfom11 lnmtutc of Technology. The techniques for 
conduc11n1 non-ma1ne1ic dissections and a"oidin1 contamina· 
1ion of samples have been described eucnsi"el). else111·hcre 
(Kirsch, ink 1983. Walker ct al in press). Tmuc samples were 

n-mo"ed from each head. •·ashed in 1tass dmilled 111·a1er. and 
rapid!~ frozen in hq1ud nitro1en Each sample v.as exposed 
to a 4 ms duration. unidirectional maanetic pulse 111·11h a peak 
ma1netic field of0.7 Tesla (7.000 Gauu) ,encrated b~ an 1m· 
pulse ma1ne11zer (Furth and Waniek 1956, K1rsclwmk 1%3J 
and immcd1a1el) assayed for Isothermal Remancnt Mapm1za· 
lion (IRM. a measure of the total volume of ftrromaf11wc 
matmal present) in the zero field environment of a supercon­
ducting magnetometer of the typt described b) Gortt and 
Fuller (1976). The procedure was repeated for each sample. 
after which the mass of each sample 11115 measured to the near­
C5t 0.1 I· Tissues sampled in all fish mcluded muscle. eye. brain. 
cartila1e from the skull. and fatly tissue from v.-itlun the anten· 
or portion of the skull (the dcnnethmoid re1ion). Other samples 
not taken in all fish included the olfaC"tor)" rosette, the olfacto!') 
nerve. and gills. 

The background Sifll&I in the maanetometer fiuC"tuated at 
or below.- S pA 2 (S" to·• emu). while the empty sample holder 
was kept belo• the SO pA2 level by regular washin1 and ultra· 
sonic clarun1 A tissue sample was jud1ed to be maf11et1c 111·hen 
the liJl'lal from the ma,,..etometer, the m&Jl'letometer's siJllal 
to noise ratio at the time of measurement, and the c:akulated 
intensity of maanelization (moment volume') were lugh c:om· 
pared with those obtained from other tissues taken from the 
ame fish. Samples that were masnetic in all fish then were 
subjected to prosrcssi"e altcmatin1 field (Af) drmaflleuuuon 
and IRM acquisition experiments similar to those done to reo· 
lo11cal samplts b) Cisowski (1981) and to yellowfin tuna b) 
Walker ti al (t9S4) In these Cll.pcrimenu. samples were frozen 
to and suspended from a thin. non·m&Jl'letic cotton thread as 
described b) Kinchvink (1983) The ad11ana1e of this tech· 
niquc is that the rneasurement semitivity is limited onl) b) 
the noise of the vertical field sensor (:::S pA1 ) rather than the 
sample holder. While frozen. the samples were Af demaJ11el1zed 
complete!) b)· plac:in1 them in a strona. 400 Hz ven1call) om!· 
launa m&Jlletic field produced b)· an air core solenoid 111hich 
was itself in a zero-field environment As the altemaung field 
decays linearly from an initial amplitude of 0.1 Tesla to zero 
over about J .S s. it leaves equal numbers of thr still full) ma1nc­
tized paniclcs with their m&Jl'letic mornenu oriented 1n oppos11c 
directions. lavina the sample Ytith no net masnetic moment 
Tbe frozen samples tben were nposed to a series of prosress1\.'e· 
ly stron,er m&Jl'letic impullft, and their momenu mneasured 
after each step. After tJle samples reached a1ura1ion (that is. 
the) pined no fllnber mnanencc with incrcasina pulse 
1trenJth). they were sequmtiall) drmasnctized and remeasured 
in a similar fashion usinJ propessively strODJCT peak oscillaun1 
fields. 

We ntn1c:ted the maanetic material for other experiments 
by snnd1n1 the maanetic tissues from several fish in a &lass 
lissue grinder, scparatin1 the released fats b) dissol111n1 them 
in ether. and di,es1in1 the mnainina tissue in nitrocellulose 
(0.42 jlm pore sizc)-filt~ s•;. sodium hypoc:hlotite solution 
(commercial bleach). Aurcptes of masnctic particles released 
by this procedure wcrr treated brirOy with EGT A solution 
(rather than with EOTA as done previous!); Walker et al 
t9S4). After washin1. ccntrifuption. and maJ11ct1c separation. 
the fine po111der obtained was identified b) X-ray d1ffract1on 
Particles then were dispersed mapeiically in an altematin~ 
111&f11euc field and mounted on carbon<0ated copper mesh 
grids for transmiuion elcctron mic:rOlcopc (TEM) anal)s1s 

Results 

We found inducible mnanent magnetization in 
several of the tissue samples examined (Table 1 ). 
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Tablr I. Magnetic survey of selected tissues in four chinook salmon. For each tissue type examined. the mass is reported in 

g. the moment in units of 10- i: A 2 (lo-t emu), the intens1t) m pT, and the s·:r-; quantlt) rives the signal 10 noise ratio of 
the sample holder and instrument at the time of measurement A 0.6 g s.ample of the olfactory rosette from fish no I also 
had lov. ,·alues (moment, in1ens1t). and S.'N) of 4.0, 6.6, and 0.8 respectively 

Muscle Eye 

Mass Moment Int S.'N Mass Moment Int 
(g) 10- 11 A 2 pT (Bl 10- 12 A 2 pT 

Fuh 41 l l.3 50 3.9 0.7 9.0 163 1.8 
Fish • 2 1.8 140 7.8 2.8 6.3 3,300 52.4 
Fish • 3 2.1 730 34 7 40 7 6.9 270 3.9 
Fish •4 2.0 140 7.0 10.9 s.o S5l 11.0 

Measures of magnetization were sufficiently low 
for most muscle and brain samples to permit the 
conclusion that these tissues were non-magnetic in 
these fish and could serve as control samples. Al· 
though the eye was sufficiently magnetic in at least 
two fish to invite more detailed study, two features 
of the data suggested it was unlikely to be the site 
of magnetoreception. First, the magnetic moment 
acquired by the eye was more \'ariable from indi· 
vidual to individual than were the muscle and brain 
samples and. because the eye is in contact with 
the environment, the possibility that magnetic con· 
taminants contributed to the moments acquired by 
the eyes examined can not be excluded. Second, 
the eye was the most massive sample measured 
in all fish. Eves for three of the animals examined 
had intensiti~s of magnetization. a measure of the 
concentration of magnetic particles in a sample, 
in the same range as the muscle and brain samples 
from the same fish. In contrast, moments acquired 
by the dermethmoid tissues were far less variable 
among fish and the intensities of magnetization 
were consistently higher for these samples than for 
muscle and brain samples from the same individ· 
uals. These results are consistent with the predic· 
tion that magnetic particles involved in magnetore· 
ception should be concentrated in a small volume 
of tissue in a consistent anatomical position and 
led us to focus more detailed studies on the der­
methmoid tissue. 

Upon warming to room temperature, the der· 
methmoid tissues lost much of their rcmanent mag­
netization, indicating that the magnetic particles 
were at least partly free to rotate under the influ­
ence of thermal agitation in the low field environ· 
ment of the magnetometer enclosure. When the 
dermethmoid tissue samples were subjected to the 
progressive IRM acquisition and Af demagnetiza­
tion procedure described above, they acquired vir· 
tually all their remanence in fields Jess than 
200 mTesla (mT), and lost it again in alternating 

Brain Oennethmoid 

S,1' Mass Moment Int S/N Mass Moment Int s "' (g) 10- 12 A 2 pT (&) 10-" A2 pT 

3.3 1.4 52 37 1.1 o.s 895 178 0 11 9 
97 1.3 SI 3.9 0.8 1.0 517 51 i 14.6 
20 9 1.9 25 1 4 2.S 0.3 320 106 i 24 !i 
4::! 7 1.3 776 .S9.7 60.2 l.2 300 250 lO l 

100 

10 

ii 
~ 60 0 
P! 
~ 
g 40 
:: 
0 
P! ... s. 20 

30 SC 100 300 soc 100~ 

,..ck f1tld, mT 

f'l&. I. Proeressivc ~uisition and AI demagnetization of IR!'.1 
for denncthmoid tissues from four chinool\ salmon The 1n1er­
eec:tion point of the two curves yields an estimate of the rcma­
nent coercive field (H,.) of 46 mT, as well as the R value of 
interaction described in the text These du11 are cons1sten1 .. uh 
an asscmblaae of moderate!) Uitcracuna single-domain magne­
tite crystals 

fields ofless than JOO mT (Fig. S). Acquisition and 
Joss ofremanenc:e over this range of fields is consis­
tent with the presence in the dermethmoid tissue 
of large numbers of single-domain crystals of mag­
netite. The flattening of the IRM acquisition curve 
at fields above 200 mT rules out most of the com­
mon ferromagnetic contaminants such as hematite 
(« Fe20 3) or metallic iron alloys, which continue 
to acquire rcmanenc:e in much higher fields, and 
also multi-domain magnetite particles, which ac­
quire and lose rcmanence at much lower fields than 
observed here (Zoeger et al. 1981; Kirschvink 
1983; Walker et al. in press). 

As shown by Cisowski (1981) and Walker et al. 
(1984) for the magnetite panicles in chiton teeth 
and the dennethmoid tissue of the yellowfin tuna 
respectively, the intersection of the Af demagneti· 
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zation and IRM acquisition curves falls below the 
50% magnetization point. For samples with com­
pletely non-interacting single-domain particles 
these curves should be symmetrical about the 50% 
magnetization point because particle moments will 
be aligned or randomized equally easily by unidi­
rectional or alternating fields of equal intensities. 
The interactions between the fields produced by 
the particles themselves increase and decrease the 
fields necessary to align and randomize the particle 
moments respectively (Dunlop and West 1969), 
causing the IRM acquisition and Af demagnetiza­
tion curves to shift apart and their intersection to 
fall below the 50% magnetization point. These 
data therefore imply that the magnetic particles 
in the dermethmoid tissue of the salmon are close 
enough to some of their neighbors to interact with 
each other (e.g. within one grain diameter). 

Limited constraints on the average size and 
shape of the particles are provided by the abscissa 
of the intersection point of the IRM acquisition 
and Af demagnetization curves. This value approx­
imates the remanent coercive field (H,0 ) for the 
particles (Cisowski 1981) and is about 46 mT for 
the salmon. From Fig. 2. which combines the sin­
gle-domain stability field boundaries of Butler and 
Banerjee (1975) with the contours of equal cocrci­
vity given by McElhinny (1973 ), a tentative length 
range of 4(}-100 nm can be established for the par­
ticles. Depending on the distribution of particle 
sizes, somewhere between 1 and 100 million such 
crystals would be necessary to produce the magnet­
ic remanence observed in the salmon dermethmoid 
tissue. These numbers compare favorably with 
those reported for honeybees (Gould ct al. 1978), 
homing pigeons (Walcott et al. 1979) and yellowfin 
tuna (Walker ct al. 1984) and, if organized into 
interacting groups of several particles, would be 
more than enough to provide the salmon with a 
magneto-sensory system capable of responding to 
both magnetic field direction and intensity (Yorke 
1979, 1981; Kirschvink 1979, 1981; Kirschvink 
and Gould 1981). 

An X-ray diffraction pattern uniquely identi­
fied magnetic particles extracted from the dermeth­
moid tissue as crystalline magnetite. When viewed 
in TEM the particles were not completely dispersed 
but were arranged in linear chains of particles hav­
ing similar dimensions to those found in the yel­
lowfin tuna (Fig. 3). The particles appear to be 
bound in some form of organic matrix, which 
yields an occasional electron-transparent gap be­
tween adjacent crystals. The matrix apparently 
prevents the particles from contacting each other 
as a result of magnetic attractions but preserves 
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Fla· 2. Approximate contoun of equal microscopic coercive 
force in mT (from McElhinny 1973) superimposed on the size 
and shape boundaries for sinsle-domain magnetite of Butler 
and Banerjee (1975). Magnetitr particles which spontaneously 
displa) sinsle-domain behavior arr thosr which have lengths 
and widths which plot in the central arra of the diagram. be· 
tween the areas labelled superparamaJ?letic and multi-domain 
Kinchvink (!983) proVJdes a funher description of this figure 
Single-domain crystals with mnanent coercive fields of 46 mT. 
as measured herr for the salmon (Fia. I), should lie approJU· 
mately in the rrgion indicated by the dotted line. These inferred 
crystal sizes and shapes arrre we!l 11.ith biogenic magnetite crys· 
1.als rrponed from bacteria by Blakemore (1975) and Towe 
and Moench (1980) and from yellowfin tuna by Walker et al 
(1984) 

• 
Fla· 3. Chains of m1snetitr panicles isolated from the chinook 
1almon dermethmoid tissue. Scale bar 100 nm 
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their linear arrangement. However, folding of the 
chains, possibl) occurring after extraction, is evi­
dent 

Discussion 

The experiments reported here clearly show that 
adult chinook salmon possess large numbers of sin­
gle-domain magnetite particles suitable for use in 
magnetoreception. Their narrow coercivity distri­
bution, which indicates a restricted size range, and 
their presence in linear chains imply that the mag­
netite particles detected in the dcrmcthmoid tissue 
of the salmon are produced as biochemical precipi­
iates. As in the ycllowfin tuna (Walker ct al. 1984), 
the magnetite particles arc too small to be used 
indi\'idually in magnetoreception as their magnetic 
to thermal energy ratio in the earth's magnetic field 
is only about 0.5. The inter-particle interaction ef­
fects detected in both the tuna and the salmon 
indicate that the particles are organized into arrays 
that could attain easily the size required for magne­
toreception. Because the magnetite particles ex­
tracted from the salmon were dispersed before 
mounting using the same alternating magnetic field 
that produced isolated particles in samples taken 
from the yellowfin tuna, it is unlikely that the 
chains of particles observed in TEM in this study 
arose as an artifact. The hypothesis that magnetite 
partic:les in the dermethmoid tissues of the salmon 
and the tuna are organized in chains like those 
in the magnetosomes of bacteria (Balkwill et al. 
1980) therefore seems reasonable. Mechanorecep­
tors such as hair cells could have the dimensions 
and sensitivity (e.g. Hudspeth 1983) to monitor the 
movements of the particle groups accurately. 

Final demonstrations that the magnetite parti· 
cles are organized as we infer can only be achieved 
by their identification in situ. It will be difficult 
to locate any such structures with normal transmis­
sion electron microscopy, however, as our magne­
tometry study constrains their volume fraction to 
be less than S parts per billion in the dermethmoid 
tissue. Each particle chain is likely· to be no more 
than a few micrometers in length and a few hun­
dredths of a micrometer wide. There is only a small 
probability oflocating such a structure in a normal 
O.l micrometer thick TEM section. 

It. is interesting to note that many studies of 
other vertebrates have converged on regions of the 
skull close to the ethmoid bones as the likely site 
of a vertebrate magnetoreceptor organ (Walcott 
ct al. 1979; Mather and Baker 1981; Zoeger et al. 
1981; Baker ct al. 1983; Beason and Nicholls 1984; 

Hanson ct al. l984a, b; Perry ct al., in press). As 
in many of these Other Studies (e.g. Quinn Cl al. 
1981; Presti and Pettigrew 1980; Baker et al. 1983). 
we also detected magnetic material that was not 
always in the same place in all indi\'iduals sampled 
Some of this material, particularly that associated 
Y.ith tissues such as the gills and gut of the salmon. 
was clearly contamination that could be removed 
by thorough cleaning. but other magnetic sample:. 
could well have contained true biochemical precip­
itates. If SO, the functions or these deposits remain 
unknown. A magnetoreceptive role seems unlikch. 
however, since they usually are not reproducibie 
in all individuals (Walker et al. 1984, this study), 
often arc detected from their natural remanent 
magnetization (e.1. Zoegcr et al. 1981 ), or are mag­
netically unsuited to magnetoreception (Presti and 
Pettigrew 1980; Zoeger et al. 1981; Vilchcs-Troya 
et al. 1984). 

Our results using adult chinook salmon are at 
variance with those of Quinn et al. (1981) who 
failed to find magnetic material anywhere except 
contaminants within the 1astrointcstinal tract of 
sockcyc salmon fry. The most likely explanation 
for this discrepancy is that Quinn et al. (1981) car­
ried out their studies on samples at room tempera­
ture (T.P. Quinn, personal communication). We 
have found in both the chinook salmon and the 
yellowfin tuna (Walker et al. 1984) that the der­
methmoid tissue loses remanencc on warming from 
liquid nitrosen to room temperature. Such Joss of 
remanence is understandable based on the assump­
tion that the maanetite particles must be at least 
partly free to rotate if they are to be used in magne­
toreccption (Yorke 1979, 1981; Kirschvink and 
Gould 1980. Thus magnetite suitable for use in 
magnetoreception can be detected consistently 
only by using frozen samples. The presence oflRM 
or natural remanent magnetization in samples at 
room temperature sugsests the presence of magnet­
ic material serving other functions or arising from 
external sources. 

A second possible explanation is that magnetic 
material is present in salmon fry in quantities suffi­
cient to mediate the observed responses of fry to 
magnetic field direction but too small to be de­
tected by currently available superconducting mag­
netometers. Animals respond either to magnetic 
field direction (the compass response; Wihschko 
1972; Lindauer and Martin 1972; Walcott and 
Green 1974) or to some feature related to intensity 
(the inferred map response; Walcott 1980; Gould 
1982). Yorke (1979) and Kirschvink and Gould 
(1981) found that only a few hundred single-do­
main crysials would be necessary to determine ac-
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curately the direction of the geomagnetic field; the 
small IRM produced by this number could not 
be detected with present superconducting magnet­
ometers. In contrast, detection of magnetic field 
intensity during movements requiring the ability 
to determine both position and direction, as seems 
to occur in homing pigeons (Walcott 1980; Gould 
1981). requires millions of magnetite-based magne­
toreceptors. It is possible that magnetite is present 
in sockeye salmon fry in quantities sufficient ro 
provide them with the ability to determine magnet­
ic field direction but not sufficient to be detected 
by a superconducting magnetometer. The move­
ments of adult salmon from the ocean to the outlet 
of their natal stream could require sensitivity to 
magnetic field intensity, and so require millions 
of magnetite particles .. We suggest the hypothesis 
that magnetite is produced continuously through­
out the life of the organism and so could be de­
tected more easily in adult than in juvenile fish. 
A controlled magnetometric study of an ontogen­
etic series to distinguish among these alternative 
explanations of the different results for soc.Keye 
and crunook salmon is presently in progress. 

Thus the presence of magnetite can be corre­
lated with magnetic sensitivity in representatives 
of three orders of fishes: the European eel and 
yellowfin tuna, which are known to respond to 
magnetic fields, and a congener of a third magneti­
cally sensitive fish, the sockeye salmon. The critical 
tests of the magnetite-based magnetoreception hy­
pothesis, however, will be of behavioral constraints 
on magnetoreception caused by the properties of 
the magnetite particles themselves. The behavioral 
assay developed by Quinn et al. (1981) could be 
used to test the prediction that accuracy of com­
pass orientation should be poor in very weak fields 
( < 10 µT or 0.1 Gauss), should increase rapidly 
in fields up to earth-strength, and asymptotically 
in fields up to a few times earth-strength. This re­
sult holds for magnetotactic algae and bacteria 
(Kalmijn 1981 ; Lins de Barros et al. 1981) and also 
for honeybees (Kirschvink 1981). The response of 
sockeye salmon fry to magnetic field polarity also 
can be used in a powerful test of ferromagnetic 
effects on their magnetic orientation. A short mag­
netic impulse strong enough to reverse the mo­
ments of any magnetite particles present will cause 
the fry to exhibit reversed magnetic field direction­
al preferences in orientation arenas only if the mag­
netite particles form the basis for their magnetore­
ceptor system. Thus the opportunity exists to link 
magnetite suitable for magnetoreception to the be­
havior of animals that are known to respond to 
magnetic fields. 
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Magnetic Stratigraphy and a Test for Block Rotation of Sedimentary 
Rocks within the San Andreas Fault Zone. Mecca Hills. 
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A 500-m section of the Palm Spring Formation in the southern Mecca Hills. located within the 
San Andreas fault zone in southeastern California. has been paleomagnetically sampled to deter­
mine possible tectonic rotation in this area and to establish time-stratigraphic: control. This work 
was panly stimulated by the fact that 80 km fanher south. previous studies demonstrated 35• of 
postdepositional rotation in the Palm Spring Formation of the Vallecito-Fish Creek basin east of 
the Elsinore fault. Several lines of evidence suggest that hematite is the main magnetic carrier of 
the Mecca Hills samples. Large anhedral hematite grains observed in magnetic extracts and a 
positive fold test imp!~ a detrital origin of the remanence. The polarity reversal patterns. together 
with earlier venebrate paleontologic studies. restrict the time span for deposition of this unit to the 
middle-late Matuyama chron C?.0-0.75 myr ago). thus ofuppcnnost Pliocene and early Pleistocene 
age. Characteristic directions of best least-squares fit for 73 samples suggest little or no overall 
rotation. despite the severe late Quaternary tectonic activity demonstrated by the intense deforma­
tion of these strata. t 191!- L ""°'"'l of Y.•sh1nr1on 

INTRODUCTION 

The Palm Spring Formation is a wide­
spread Plio-Pleistocene terrestrial deposit 
exposed at a number of localities in the 
Salton trough of southeastern California 
(Fig. 1 ). In its type area in the Vallecito­
Fish Creek basin of the western Imperial 
Valley, studies of the magnetic stratigraphy 
and paleontology of the Palm Spring For­
mation have shown that the unit here spans 
the middle-Gilbert to late-Matuyama chron 
(i.e., about 4 to 1 myr ago: Opdyke et al .. 
1977; Downs and White, 1968: Cun­
ningham, 1984). -Recently, Johnson et al. 
(1983) have remeasured all of the samples 
earlier studied by Opdyke et al. (1977). 
After heating them through the S00°C 

thermal demagnetization step, they calcu­
lated mean polarity vectors for both normal 
and reversely magnetized paleomagnetic 
sites. Their improved data set implies a 35° 
clockwise rotation of the entire basin, which 
they interpret as a postdepositional phe­
nomenon related to the presence of the 
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nearby right-lateral Elsinore fault, an active 
member of the San Andreas fault system. 
In a somewhat similar study, Seeber and 
Bogen (1985) have recently claimed 20° to 
30° clockwise rotation of J-myr and 
younger sediments in blocks close to the 
San Jacinto fault, 45 km west of the Mecca 
Hills. 

These intriguing results have led us to 
apply the same type of analysis to the Palm 
Spring Formation exposed in the Mecca 
Hills. 80 km north of the Vallecito-Fish 
Creek basin, and close to the San Andreas 
fault (fig. J). There are, however, two im­
portant differences between the two areas: 
(I) The exposed section of the Palm Spring 
Formation in this northern area is thinner 
than that of the same unit in the western 
Imperial Valley (about 1500 m vs 4000 m, 
respectively), and it appears to have a dif­
ferent provenance. (2) The Mecca Hills 
area is localized within the San Andreas 
fault zone itself, with active branches 
slicing through the area, and with intense 
Quaternary folding throughout, whereas 
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the Vallecito-Fish Creek area is located in a 
larger and more unbroken block with 
throughgoing active members of the San 
Andreas system some distance to the east 
and west (Fig. I). The extent of the Valle­
cito-Fish Creek sampling profile. which is 
thought to have rotated as a unit. is some 
10 km (Opdyke et al .. 1977). Thus. it is not 
clear in which area one might expect the 
greater rotation-within a very active fault 
zone itself. or in a relatively stable and 
larger block sandwiched between two 
major throughgoing active faults. 

GEOLOGIC SETTING 

The Palm Spring Formation. first named 
and studied by Woodring ( 1931 ). is a thick 
series of terrestrial arkosic conglomerate. 
sandstones. siltstones, and claystones that 
crop out over an area of more than 130 km 
length along both flanks of the Salton 
trough <Dibblee. 1954 ). In the Vallecito­
Fish Creek basin. the Palm Spring Forma­
tion grades downward into the marine Im­
perial Formation. thought there to be of 
Pliocene age. and similar relations exist in 
the Indio Hills north of the Salton Sea 
(Proctor. 1968). In the Mecca Hills. how­
ever. no Imperial Formation is known. and 
correlation of the Palm Spring units here 
with those of the other areas has been 
based mainly on stratigraphic similarities. 
sparse fossils, and relationships to adjacent 
units (Dibblee, 1954). Underlying the Palm 
Spring Formation in parts of the Mecca 
Hills. with marked angular unconformity, is 
the terrestrial Mecca Formation, of prob­
able Pliocene age. and it is near this contact 
that our paleomagnetic sampling com­
menced (A. Fig. 2). 

In the Hidden Spring area of the Mecca 
Hills. the Palm Spring Formation com­
prises a number of individual members 
with very complex interfingering relation­
ships. In the specific area of Figure 2, 
which is centered about 2 km southwest of 
Hidden Spring itself. only three of these 
members (informally named) are exposed: 
( 1) a basal conglomerate of the Sheephole 
member. which is a discontinuous reddish-

brown boulder conglomerate with mark­
edly varying thicknesses reflecting the re­
lief of the post-Mecca erosional surface. (2) 

the Sheephole member itself. which com­
prises about 340 m of predominantly ligh1-
brown arkosic conglomerates and sand­
stones. and (3) the Box Canyon member. 
more than 130 m thick. made up mainly of 
white to varicolored arkosic sandstones 
and siltstones which are transitional with 
the underlying beds of the Sheephole 
member. Stratigraphic and structural rela­
tionships within the Palm Spring Formation 
are so complex that it is difficult to say 
where the oldest strata of the formation 
may be exposed. but we have no reason to 
think that the base of the section sampled 
in our paleomagnetic study (A. Fig. 2) is 
not roughly comparable in age to the bases 
of other Palm Spring sections in the 
southern Mecca Hills area. Near Hidden 
Spring. 2 km northeast. basal Palm Spring 
strata lie directly on crystalline rocks 
(Dibblee. 1954; Crowell, 1975). 

Upward in the section, we have sampled 
only as far as we are reasonably confident 
of stratigraphic continuity, but clearly more 
rocks of the Palm Spring Formation lie 
stratigraphically above our uppermost 
sample locality. We estimate, however. that 
our 500-m-thick section represents the bulk 
of the local Palm Spring section. It should 
be noted that Dibblee (1954) reported 1500 
m of Palm Spring rocks elsewhere in the 
Mecca Hills, and some 750 m of strata are 
well exposed along the road in Painted 
Canyon, 9 km northwest of our sample 
area (Sylvester and Smith, 1976). Babcock 
(1974) reported 765 m of Palm Spring 
equivalent strata in the Durmid area 19 km 
to the southeast, there overlain with an­
gular unconformity by the Pleistocene Bor­
rego Formation. Hays' (1957) cross sec­
tions suggest that it is primarily the upper­
most units of the Palm Spring section that 
are missing or greatly thinned in the 
Hidden Spring area. 

The two principal neotectonic features of 
the Hidden Spring area are the San An­
dreas fault, whose most active trace lies 
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FIG. I. Map showing the location of the field area of this study (fig. 2) and that of Opdyke er al. 

( 19771 and Johnson er al. ( 1983) in the Vallecito-Fish Creek basin. Areas underlain by crystalline rocks 
are stippled. 

some 5 km to the southwest of the sampling 
profile. and the subparallel Hidden Spring 
fault. 3 km to the northeast (Crowell. 1975; 
Babcock. 1974). The activity of the San 
Andreas fault is. of course. well known. 
and recent field studies by the authors near 
Hidden Spring indicate about I km of post­
Palm Spring right slip on the Hidden Spring 
fault. Although the Hidden Spring fault 
does not appear to be a major, through­
going member of the system at this time, 
the entire area between the San Andreas 
and Hidden Spring faults could be consid­
ered to be within the San Andreas fault 
zone. and the spectacular evidence of in­
tense Quaternary deformation over a wide 
zone tends to support this view (e.g .. Syl­
vester and Smith. 1976; Babcock. 1974). 

SAMPLING AND ANALYSIS 

Palm Spring strata in the Hidden Spring 
area are so highly folded and faulted that it 
is difficult to identify an appropriate sec-

tion for paleomagnetic sampling. but line 
A-B (fig. 2) appears to traverse an un­
broken homoclinal sequence. At the base 
of the section, the 26-m-thick basal con­
glomerate of the Sheephole member lies 
with 80° dip on still more highly deformed 
beds of the Mecca Formation, here ex­
posed in a narrow window through the un­
conformity, along a very sharp anticlinal 
axis. (Most faults and folds in the Mecca 
strata are truncated by the unconformity. 
but this particular fold was reactivated fol­
lowing Palm Spring deposition.) Upward in 
the Palm Spring section. dips gradually de­
crease and then rapidly become less than 
10° at the very northern end of the traverse 
(B, Fig. 2). In order to test the magnetic 
polarity of rocks still higher in the Palm 
Spring section, an additional 37 m of sec­
tion, herein termed section D, was sampled 
at a locality across Box Canyon wash to 
the north. 1.3 km N 35° W from Sheephole 
Oasis (fig. 2). Although this additional sec-
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F1G. 2. Geologic map showing the location of the paleomagnetic sampling traverse A-B. Locality 
C. off the map. is 1.2 km S 74° E from Sheephole Oasis. and Section D. also off the map. is 1.3 km N 
35° W from Sheephole Oasis. Tm. Mecca Formation: Qps. Sheephole member of Palm Spring Forma­
tion: Qpbc. Box Canyon member of Palm Spring Formation: Qal. Quaternary alluvium. Small circles 
above Tm-Qps contact (an angular unconformity) indicate locations of the distinctive basal conglom­
erate of the Sheephole member. Sec the text for discussion of stratigraphic units and their ages. 
Geologic mapping is by the authors. with additions by J. A. Nourse in the extreme southwest comer. 

tion is shown in the stratigraphic column of 
Figure 5, it is obviously not part of a con­
tinuous measured section, and its strati­
graphic correlation with section A-B of 
Figure 2 is only approximately constrained. 

We used the impact coring technique for 
soft sediments described by Weldon (1985), 
in which a nonmagnetic stainless tube is 
gently pounded into the exposure. The in 
situ orientation of the tube was then mea­
sured by conventional means. and an orien­
tation mark put on the end of the sample. 

The sample was extruded into a quartz 
glass holder by a plastic bar and sealed 
with Parafilm. In this manner, we collected 
46 oriented samples for paleomagnetic 
analysis from profile A-B (Fig. 2) and 9 
additional samples from locality D north of 
Box Canyon wash. For comparing possible 
rotational effects as a function of distance 
from the San Andreas fault. we also col­
lected 18 samples (including 5 for a fold 
test), but not in stratigraphic order. from 
basal Palm Spring strata at locality C at the 
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entrance to Hidden Spring gorge (not 
within Fig. 2. but 1.2 km S 74° E from 
Sheephole Oasis. shown on Fig. 2). 

Ten pilot samples were progressively de­
magnetized at I ooc. 200°, 300°. 400°. Jo" al­
ternating fields (75 mT), 500°. 535°, 565°, 
580°. and 630°C steps and measured using a 
SQUID magnetometer. Typical progressive 
demagnetization plots (Fig. 3) generally re­
veal a simple characteristic component in 
these samples after removal of a relatively 
soft recent overprint. For some samples, a 
minor direction change occurred after the 
300°C demagnetization step. whereafter the 
magnetic moment remained stable. All of 
the other samples were demagnetized at 
low alternating fields (75 mT). 200°, 300°, 
400°. and 500°C steps. Principal component 
analysis (Kirschvink. 1980) was used to 
find the di~ections of best least-squares fit 
to the demagnetization data for ·each 
sample. 

MAGNETIC MINERALOGY AND ORIGIN 
OF REMANENCE 

Figure 4 shows the results from a typical 
impulse isothermal remanent magnetiza­
tion ORM l acquisition vs alternating fields 
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FIG. 3. Typical orthogonal projections of the pro­
gressive demagnetization data for two pilot samples: 
<Al MH 3 and (8) MH 4. Notice the slight direction 
change after the 300°C demagnetization step for MH 
4. Otherwise. magnetic components are quite stable in 
both samples. One division = 10- 8 Am~. 
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FIG. 4. Isothermal remanent magnetization acquisi­
tion vs alternating fields demagnetization curves. for 
for sample MH I. IRMJOoo is the isothermal remanent 
magnetization acquired at 1000 mT peak field: for this 
sample. the value is 7.4 x 10- 6 Am2/g. 

(AF) demagnetization experiment (Ci­
sowski. 1981; Kirschvink. 1982) on one of 
these samples from the Sheephole member 
of the Palm Spring Formation. The major 
IRM increase takes place between the 100-
and 1000-mT steps and does not reach satu­
ration. The moment gained after the 1000-
mT step has a similarly high coercivity. 
Both features suggest that the main rema­
nence carrier in the sample might be either 
hematite or goethite (Lowrie and Heller. 
1982). From Curie temperature analyses on 
the magnetic extracts, and the IRM acqui­
sition experiments on bulk samples. Op­
dyke er al. (1977) concluded that the major 
remanence carrier in their samples was ei­
ther magnetic or maghemite. However. 
several lines of evidence suggest that the 
principal remanence carrier in our samples 
is hematite, rather than magnetite. maghem­
ite, or goethite. First. the magnetic moment 
measured in most of the pilot samples is 
still at or above 259C of the nonmagnetite 
remanent magnetization (NRM) level after 
the 580°C demagnetization step. which 
should destroy all portions of the magnetic 
remanence carried by magnetite, maghem­
ite, or goethite. Second. we identified very 
little magnetite in a magnetic extract ob­
tained from these samples by X-ray anal­
ysis. and a dithionite-citrate dissolution 
experiment. which removes virtually all 
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nonmagnetite magnetic phases (Chang and 
Kirschvink. 1985). destroyed almost all 
phases present. Finally. we observed de­
trital grains of specular hematite in the 
magnetic extract using petrographic micro­
scope. 

In addition to the magnetic mineralogy, 
the question also needs to be answered as 
to whether the main magnetic remanence is 
of primary or secondary origin. Postdeposi­
tional oxidation of iron oxides will often 
produce a chemical remanent magnetiza­
tion (CRM). and Ozdemir and Banerjee 
(198 I) have shown that magnetic viscosity 
is similarly correlated with the degree of 
oxidation. Because hematite is a common 
oxidation product in sediments. the rema­
nence carried by hematite grains could 
therefore be of secondary origin. However. 
Steiner ( 1983 l has argued strongly. based 
on petrologic and magnetic evidence. that 
the remanence carried by hematite in red 
sandstones of the Morrison Formation on 
the Colorado Plateau is a primary detrital 
remanent magnetization (DRM). Two ob­
servations from our samples from the Palm 
Spring Formation lead us to conclude that 
we. too. are dealing with a hematite-carried 
DRM. First, petrologic examination of the 
bulk samples reveals large amounts of an­
hedral hematite grains of probable detrital 
origin. with only a trace of fine-grained he­
matite pigments detected. Second. the 
characteristic components of magnetiza­
tion pass the fold test at the 95l7c confi­
dence level ((k 1/k2 ) = 4.24 with five 
samples; Table IB). 

STRATIGRAPHIC CORRELATION 

Figure 5 shows the declinations of 
samples from section A-B (and the addi­
tional 37 m of higher section across Box 
Canyon to the north, Section D) after cor­
rection for the tilt of the bedding. and these 
are plotted together with the stratigraphic 
column and the magnetic polarity interpre­
tation. This section is dominated by an in­
terval of reversed polarity and two normal 
intervals. one near the bottom of the sec-

tion ("e" in Fig. 2) and another near the 
middle ("f" in Fig. 2). Interpretation of ex­
actly how these events fit into the polarity 
time scale requires further discussion. 

Hays (1957) reported two occurrences in 
this part of the Mecca Hills of tooth frag­
ments of the horse genus Equus in the 
Mecca Formation (his "Painted Canyon 
Formation"), unconformably underlying 
the Palm Spring formation. The earliest ap­
pearance of Equus in North America has 
been judged by Lindsay et al. (1984) to be 
at 3. 7 myr (the uppermost Gilbert magnetic 
chron). based on the magnetic stratigraphy 
of selected Neogene vertebrate fossil sites. 
Accordingly, the base of the Palm Spring 
Formation in the Mecca Hills cannot be 
older than 3.7 myr (mid-Pliocene). Only 
one reversed chron. the Matuyama. is 
younger than the Gilbert chron and is com­
patible with the dominantly reversed po­
larity period recorded in the Palm Spring 
section in the Mecca Hills. Thus the two 
relatively short normal-polarity events re­
corded in section A-B must correspond to 
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FIG. 5. Magnetic polarity stratigraphy of the Palm 
Spring Formation in Mecca Hills. The magnetic po­
larity time scale from Harland er al. ( 198:?). with the 
Pliocene-Pleistocene boundary replaced at right 
above the Olduvai Normal Subchron following the re­
cent proposal of the ICS (International Commission 
on Stratigraphy) Quaternary Subcommission (Aquirre 
& Pasini. 1985). is attached for comparison. 
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TABLE I. CHARACTERISTIC COMPONENT MEA!\ DIRECTIONS OF (A) SAMPLES COLLECTED FROM SECTI01' 

A-B. LOCALITY C, AND SECTIO!\ D. AND (B) SAMPLES COLLECTED FROM LOCALITY C FOR THE FOLD TEST 

Tilt corrected 
(Al Sample Number of 

description sample> Decimation Inclination Kappa Alpha-95 DM DP 

Normal samples 
from the bottom 
of section A- B 6 27.74 17.58 14.48 18.21 18.87 9.78 

Normal samples 
from the middle 
of section A-B 4 355.87 :?0.11 53.51 12.68 13.28 6.9.~ 

Reversed 
samples from 
section A-B 36 187.19 -44.84 12.40 7.07 8.93 5.64 

Re,ersed 
samples from 
section D 9 174.24 - 39.28 26.09 10.27 12.28 7.34 

Samples from 
sections A-B 
and D 55 6.68 39.5 11.35 5.96 7.14 4.28 

Normal samples 
from localit) C 8 5.99 35.48 14.44 15.08 17.45 10.09 

Reversed 
samples from 
localit) C 10 172.41 -33.01 13.69 13.54 15.36 8.71 

Samples from 
localit) C 18 358.36 34.3 13.87 9.63 11.03 6.32 

Normal samples 
from three sites 18 I l.:?O 26.59 12.05 10.39 I 1.27 6.ll 

Reversed samples 
from three sites 55 181.87 -41.94 13.0J 5.53 6.78 4.16 

Samples from 
three sites 73 4.49 38.26 I l.76 5.05 5.99 3.55 

In situ Tilt com:cred 

(81 Number Kappa Alpha- Kappa Alpha-
of sample> D 11.,1 95 D (k~) 95 

227.72 -54.62 3.9 44.58 174.29 - 34.42 16.52 19.39 

Nore. Kappa is the best estimate of the precision parameter and alpha-95 is the semianglc of the cone of 95'ii confiden.:e 
(fisher. J953J. The errors DM and DP are the semiaxes of the elliptical error around the pole at a probability of959f. DP in the 
colatitude direction and DM perpendicular to it (McElhinn). 1973). 

the Olduvai and Jaramillo subchrons. The 
Reunion events are of such short duration 
that they are not likely to be found in this 
section (Hammond et al., 1979). 

The fact that -the uppermost sample in 
our section is of reversed polarity indicates 
that we have not yet reached the Ma­
tuyama-Bruhnes boundary, and that the 
Bishop Tuff. of 0.73-myr age (Mankinen 
and Dalrymple. 1979), must occur still 
higher in the section. No tuff has been 
identified locally in the Palm Spring sec­
tion, although the elastic nature of the de­
posits might well make such preservation 
unlikely. The Bishop Tuff has been identi­
fied. however, 25 km southeast (Sarna­
Wojcicki et al., 1984) in the lacustrine Bor-

rego Formation. which there overlies the 
Palm Spring Formation with angular un­
conformity (Babcock. 1974). In the north­
ernmost Mecca Hills, Merriam and Bis­
choff (1975) identified the Bishop Tuff in la­
custrine beds that had been mapped Ware 
(1958) as questionably part of the Brawley 
Formation, which he considered to overlie 
middle Palm Spring strata unconformably 
in this area. Thus it appears that the bulk of 
the Palm Spring Formation in the Mecca 
Hills, and perhaps all of it, lies stratigraph­
ically below the Bishop Tuff and is older 
than 0. 73 myr; it is therefore of Pleistocene 
and very uppermost Pliocene age. This 
suggests that the Palm Spring Formation in 
the southern Mecca Hills correlates with 
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only the uppermost part of the much 
thicker Palm Spring section in the Valle­
cito-Fish Creek area. where the Pliocene­
Pleistocene boundary lies in the '"upper 
part'" of the section (Cunningham. 1984). 
Furthermore. if our uppermost sample is 
indeed near the Matuyama-Bruhnes 
boundary. the uppermost part of the Mecca 
Hills section of the Palm Spring Formation 
is younger than that in the Vallecito-Fish 
Creek area. 

An average sedimentation rate of 0.4 
mm/yr can also be calculated on the basis 
of the suggested magnetic-polarity correla­
tion. This is consistent with that for the 
upper part of the Vallecito-Fish Creek sec­
tion reported by Johnson et al. (1983). 

SEDIMENTATION HISTORY 

Merriam and Bandy (1965) and Muffler 
and Doe (1968) have shown that many of 
the late-Cenozoic fine-grain elastic deposits 
of the Salton trough. including parts of the 
Palm Spring Formation. were derived as 
sediment from the Colorado River 
drainage. However. several lines of evi­
dence suggest that the source of the Palm 
Spring Formation in the southern Mecca 
Hills is more local, as was first suggested 
by Sylvester and Smith () 976). First. min­
eral composition of the Palm Spring sedi­
ments here is very different from that of the 
Palm Spring strata in the western Imperial 
Valley, where Muffler and Doe (1%8) ar­
gued that the mineral composition sup­
ported a Colorado River derivation. 
Second, sedimentary structures indicate 
that the main flow directions for the Palm 
Spring rocks in the southern Mecca Hills 
were from the north and east (R. Rip­
perdan, personal communication. 1986). 
not from the south and west. And finally. 
interlayered conglomerates and coarse 
sandstones in the southern Mecca Hills 
contain abundant anorthosite and Orocopia 
schist fragments that are clearly of very 
local origin. Recent studies by Cunningham 

(1984) in the Vallecito-Fish Creek area indi­
cate that. although the lower Palm Spring 
units there were indeed derived from the 
Colorado River drainage, upper units near 
the Plio-Pleistocene boundary were locally 
derived from the adjacent Peninsular 
Ranges. It therefore seems that by the time 
of deposition of the Palm Spring Formation 
in the Mecca Hills. the eastern and western 
Palm Spring sites had very different sedi­
ment sources. Thus. the two units may be 
correlative in time only. and then only in 
small part. and perhaps they should even­
tually be assigned different stratigraphic 
names. 

TECTONIC ROTATION? 

Figure 6A is an equal-area plot for the 
tilt-corrected least-squares data of all 73 
samples collected. from section A-B. lo­
cality C. and section D. The mean strati­
graphic inclination shows the typical shal­
lowing effect for ORM (Yersoub. 1977). 
The mean stratigraphic declination for all 
sites is 4.5° ::t 5.1° at the 959' confidence 
level: thus the average rotation is small. if 
any. When samples from section A-Band 
locality C are considered separately (Figs. 
6B. 6C). it is seen that the mean rotation 
may be greater at section A-B than at lo­
cality C. 6. 7° vs - 1.6° (Table I). Consid­
ering the associated ~5 values. however, 
the statistical significance is weak. 

The normal-polarity samples from near 
the bottom of section A-B (mean declina­
tion = 28°) may show somewhat more ro­
tation than both the normal-component 
samples from the middle of section A-B 
(mean declination = - 4°) and the re­
versed-component samples higher in the 
column (mean declination = 7°; Table I). 
This could indicate continuing rotation 
with time, although the statistical signifi­
cance is again weak. Johnson et al. (1983). 
moreover, rule out the possibility of pro­
gressive rotation during deposition of the 
Imperial and Palm Spring formations in the 
Yallecito-Fish Creek area, so that any pos-
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FIG. 6. Equal-area plot for best least-squares fit of tilt-corrected directions for samples collected 

from IA) all sampling sites. IBl sections A-Band D (together henceforth referred as section A-Bin 
the text). and 1C1 localit~ C. The principal component direction of the normal sample is symbolized by 
double circles and that of the reversed sample by single circles. The "X .. shows the present field 
direction. The double triangle represents the mean direction with the vector value and all the related 
statistical data listed in Table I. 

sible rotation in the Mecca Hills area 
cannot be viewed as merely representing 
the final stage of a 35° regional rotation that 
affected the accumulating sediments in the 
Yallecito-Fish Creek area over a longer pe­
riod of time. 

Considering how highly deformed the 
rocks are throughout the Mecca Hills (e.g .. 
Fig. 2 ). reflecting the wide and very active 
underlying San Andreas fault zone. we are 
surprised that the rotation at any of the 
sites is so low. Evidently deformation has 
taken place by local intense folding and 
faulting rather than by rotation of indi­
vidual discrete blocks within the fault zone, 
although our sampling has admittedly been 
sparse. In the Vallecito-Fish Creek area. on 
the other hand. a large block-more than 
JO km on a side-is sandwiched between 
two major throughgoing faults and has ap­
parently rotated a relatively rigid unit. 

CONCLUSIONS 

The Palm Spring Formation in the 
southern Mecca Hills was deposited in the 
very latest Pliocene and early Pleistocene 
epochs, mainly during the Matuyama re­
versed chron, between about 2.0 and 0. 75 
myr ago. Although we have not paleomag-

netically sampled the entire Palm Spring 
section here. most of the remaining unsam­
pled section appears to be still higher strati­
graphically. On the other hand, previous 
paleomagnetic studies of the Palm Spring 
Formation in its type area in the Vallecito­
Fi sh Creek basin 80 km to the south 
(Johnson et al., 1983) suggest that the base 
of the section there is at least 2 myr older 
than in the southern Mecca Hi1ls. and the 
section does not include rocks as young as 
some of those in the Mecca Hills. This dif­
ference, taken together with the completely 
different provenances of the two units. 
raises questions as to whether they should 
be considered parts of the same formation. 
Despite the location of the southern Mecca 
Hills virtually within the San Andreas fault 
zone, only a small amount of average rota­
tion, if any, has taken place at our sample 
sites since deposition. in contrast to 35° of 
clockwise rotation in the Vallecito-Fish 
Creek area. 
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ABSTRACT 
Magnetostratigraphic l'elUlts are reported here from a 1equeace ol llCe Neopne- dvced by blcteri.a is common ill modem 

Quaternary shallow-water carbonate ltdiments from a~ core drilled on the illand of llballow-water environments of south Florida 
San Salvador, Bahamas. On the basis ofthe remanent mqnetlsm of 136 samples from a 91-m (Slolz et al., 1987; J. L Kinchvink, 1987, per­
measured section of core, lht polarity 1equence can be conelated with the mqnedc polarity IOllll commun.). 
time scale from the Gilbert c:bron (arty Pliocene) throuab the late lrunbes c:bron (late There are several reasons for choosing the late 
Pleistocene-Holocene). Mqnedc polarides wett determined on the t.lis ol relative up4oM> Cenozoic carbonateS of the Bahamas as a test 
direction In the unorlented core. Estradion INdies al the mpedc pll'ddes reveal dae case for mqneiostratigraphy. first. continuous 
presence ol lingle-domain c:rymls al mapedte reamblin& dime produced by the mqnetotac- cores of these young carbonateS that have been 
tic bacteria and aJ&ae. Tbe 1equenct ol reversals provides a minimum al m •w 111,jor - ltvdied and dated biostratigraphically (Beach, 
cbronostr1dgrapbk markers for the Pliocene-Pleistocene al the Balmma; It CGDlira IDd 1982; Williams, 1985) are available; second, 

- refines the local timina ofbodi tbe ltholoaic dlanst from lkektal to_aombletal _,.,..,.., IDd *9e cuboiiates have no delectable silicidastic 
the dlsappear111tt al coral IDCI mollulclD lpedes from tbe Bahamas • apper llCe PlicaDe components; and third, although they arc young, 
(between 2.6 and 2. 7 Ma). Thal the primary mapedc rtlDllWlllCe ii pnltl ,.i in ftllow·Wlder 1hey have-meady undergone some major dia· 
carbonates., Including replacement dolomites, maests Chat dlis technique could be med to dlte aaietic changes, including cementation, dissolu­
lliJnllar Tertiary and possibly nen older cmbonate MqUeDCeS. ne ..... hlfsbneat al I Nlilble lion, and dolomitizilion, IDY or all of which 
mqnetostnticnphy provides refined datin& of lhlllow-'Wlter arbonltes IDll ftlloml t.unal might modify original magnerism. 
~ or disappearwes, lediment llCCUlllulltion nites, lullsldence, IDd ~ 

INTRODUCTION 
Magnetostratigraphy, The • of an estab­

lished reverul pattern of remanent magnetism 
for dating, is wdl establishtd for silicidastic 
deposits and pelagic carbonates. but there have 
been few similar applications to sballow-water 
carbonateS. Encouragement for this 1pplication 
bas now come from a combination of three de· 
velopments: (I ) 111percooducti.ng magnetome­
ters capable of ac:cwate determinations of 
extremely weak magnetic ripals, (2) a few re­
pons of remanent magnetism in sballow-water 
carbonates, and (3) the identification of living 
magnetite-precipitating blderia in sballow­
water carbonate environments in sufficient 
number to provide a source for a measurable 
remanent magnetism. As a lint 1eSI for the exist­
ence of a reversal stratigraphy, we made a pilot 
study of a continuous core nearly 100 m deep 
from the Bahamas. Here we report IUCCeSSful 
results of the study and show bow tbe new mag­
nelOstratigraphy adds significantly to tbe dating 
of major depositional events in pure wbonates. 

Until recently, there were only a few reports 
of remancnt magnetism in shallow-water car­
bonates (Jowett and Pearce, 1977; Kent, 1979; 
Smith et al., 1980; Hurley and YID der Voo, 
1987; Stolz et al., 1987; Chang et al., 1987). 
This limited attention stemmed &om tbe general 
consensus that rtm111t11t magnetism requited the 
presence of terrestrial magnetic material that is 

rare OT absent m pure c:arbooateS. The discovery 
of an indigenous source of single-domain mag­
netite produced by bacteria (Blakemore, 1975; 
Kinchvink, I 980a; Kirscbvink and Chang, 
1984) obviated this limitation. Subsequent rc­
ean:b bas demonstrated that magnetite pro-

CORE LOCATION, SAMPUNG 
METHODOLOGY, AND 
MAGNETIC DAT A 

A continuous Core 8 cm in diameter from the 
northern end of}an Salvador, Bahamas (Fig. I), 
was sampled to determine 1111g11etic polarities. 
The core was drilled ill the late I 960s by Peter 
Supko, wbo described and interpreted the car­
bonate rocks recovered (Supko, 1977). The re-

.... .. ._ 
j 

0 

tfltl Figure 1. Regionlll loeatlon 
11111p ot 8aMima1 archlpel· 
ego. Core wa1 collected 
from northern end of San 
lelvldor. 
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covered core section is nearly complete except 
for the very top 2 m and small (< 1 m) intervals 
which were very friable. The upper 91 m of the 
168-m core was used for this study. From this 
section, a total of 174 samples were taken, aver· 
aging I per 0.5 m. The actual sampling interval 
varied depending on the condition of core sec­
tions and the presence of a gcopetal structure 
confirming the up-down orientation. 

Each sample for palcomagnetic analysis was a 
plug about 3 cm long and 2 cm in diameter, 
drilled from the core with a hollow, nonmag­
netic diamond-studded drill bit mounted on a 
Slalldard drill press. Orientation was marked by 
a small saw-cut groove on the top of the plug. 
All samples were briefly submerged in 25% hy­
drochloric acid and rinsed to remove residual 
metallic particles from the drill or core barrel. 

The remancnt magnetism of the samples was 
measured with a SQUID (Superconducting 
Quantum Interference Device) moment mag· 
netometer (Fuller ct al., 1985). After measuring 
natural rcmancnt magnetism (NRM), all sam· 
pies were demagnetized by using alternating 
fields (AF 2.5, 5.0, 7.5, 10.0, and 12.5 mT) and 
thermal demagnetization ( 150, 200, 233, 266, 
and 300 °C) to isolate characteristic components 
of rcmancnt magnetization. Magnetic polarities 
were determined on the basis of relative u~ 
down directions in the core. 

The paleomagnetic results used for the polar­
ity sequence included 136 of the 174 samples. 
The results from 38 samples were omitted be· 
cause of extremely weak and unstable rcmanent 
magnetism(< 1.0 x 10·9 A m2/kg). 

'\ 

\ 
N 

10·• 
SS·45J 

Tl\ w 10• 

Because the core was not oriented with refer­
ence to magnetic north, only the inclination 
could be used to identify periods of normal and 
reversed polarity. Polarity interpretations were 
not made on samples with very shallow inclina­
tions ( < 10°). The true inclination for normal 
and reversed samples of 32.4° (a95 = 12.1°) 
(calculated by using the inclination-only method 
of Kono, 1980) is slightly shallower, but still 
comparable to the expected geocentric axial di· 
pole inclination of 46.3° at the sampling site. 
The inclination angles from the San Salvador 
core have a modal class between 35° and 4QO. 

or the 136 samples used, 83 bad a normal polar­
ity and 53 reversed. 

The demagnetil.&tion steps were plotted as 
Zijdervcld diagrams (Zijdervcld, 1967), and a 
least-squares analysis of the data was used to 
estimate average remancnce direction Kirsch· 
villk, 1980b). As demagnetization ~ 
measurements not reprodUC1blc to within 15° 
Wcre'llot included from estimates of the cbarac· 
teristic remancnoc direction. Typical thermal 
ckmagnctil.ation ceased at 300 "C because most 
samples became too weak to measure accurately 
(Fig. 2). NRM intensities ranged from l.63 x 
10·9 to 1.99 x 10·7 A m2/kg, with a mean 
intensity of 2.75 x-10...a A m2/kg. Most NRM 
-values fell within the 6.0 x 10·9 A m2/kg to 6.2 
x 10·8 A m2/kg range from the top of the core 
through 56 m. From 56 to 83 m, a zone of lower 
intensity was encountered (Fig. 3 ). 

Sampling deficiencies in this study, which in· 
elude irregular sampling intervals and single· 
point reversals, are often controlled by core 

SS·79.4 

KEY 

recovery. Poor core recovery is eviden~ by the 
decreased sampling interval in the lower section 
of the core. The single-point reversals in this 
study are preliminary and need verification by 
ldditional analyses. 

RESULTS 
Reversal Cllroaology 

The chronology of reversals is based on the 
comparison of the measured sequence of polari­
ties with the dated geomagnetic polarity time 
scale, fixed by a biostratigrapbic datum. Bound­
aries for magnetic polarity zones reported here 
for the core have been approximated on the 
basis of mid-point distance between two adja­
cent samples of opposite polarity and arc usually 
constrained in position to within l m. To match 
these polarity 7.00es with the standard geomag· 
DCtic polarity time scale (Harland ct al., 1982), 
we used a well-established late Pliocene biostrat • 
ipapbic datum (disappearance of Bowden 
assemblage molllUCS and coral Sryloplwrrz affi­
llis) as the starting point for age determinations 
(Beach and Ginsburg, 1980; Beach, 1982; Wil­
liams, 1985). On the basis of the biostratigraph· 
ic age and the presence of this datum in I 

normal zone, we interpret this to be the upper 
part of the Gauss normal chron. This interpreta­
tion implies lhar the major reversed section 
above the datum is the Maruyama chron. By 
extrapolation, the four major magnetic zones 
recognized tbrolighout thC sampled core include 
the normal Brunbes chron, the reversed Matu· 
yama, the normal Gauss, and the upper part of 
the reversed Gilben chron (Fig. 3). 

When compared to the standard reversal time 
scale, however, differences in relative thickness 
of the cbrons arc likely the result of variations in 
the amount of subacrial exposure and rates of 
IQ:Ulllulation (F'11. 4). The Matuyama reversed 

• • •• 
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Figure 2. Typical Zllder· 
veld plotl from San Salvi­
dor core. Sample SS·45.3 
(13.I m depth) II lrom 
nonn1t lrunhe1 chron; 
IS·1U (24.2 m depth) II 
lrom nwened M1tuy1n11 
chron; SS-154.7 (47.2 m 
depth) .. part of nonnll 
O.uN chron; IS-211.Z 
(IU m depth) II trom Gii· 
belt chron. Sample IS· 
11.U (51.3 m depltl) II 
typical of UftUllble Uni· 
pie lllhlblllng extremely 
... k incl unltlble rem· 

SS-1.54 7 

•,..... ~ruoo 
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Figure 3. Summ•ry of paleomqnetlc, ltr•li· 
gr1phk:, 1nd llthologlc dm ll'om S.n S.lv1dor. 
No direct comtlllion exlatt betw"n pollrlty 
Hquence, rem1nent magnetic lntenatty, tex­
tur•I type, 1nd dolom"• repllcement type. 

tone is particularly sbon, but the unm::orded 
time could easily have been lO&t in the several 
exposure boriwns that were rccopized pre. 
Yiously (Fig. 3) (Supko, 1977; Dawans and 
Swart, 1987). 

These new magnetic results seem to permit a 
deuiled c:onelation with the standard magnetic 
time scale (Harland et al., 1982 ). The top of the 
core bas 1 normal polarity that we have equated 
to the Brunbes chron. The underlying Matu­
yama cbron is punctuated by two normal­
polsrity units from about 20.1 to 21.3 m and 
24. 7 to 25.6 m, pos51bly representing the Jara­
lllillo and Olduvai events, respectively. At 27 .4 
and 28.4 m, normal polarity was encountered in 
single samples from tbe same section of core 
containing revmcd polarity. These thin polarity 
reversals may represent i-rt of the Reuni()n 
(2r-l and 2r-2) events, although we realize that 
tbcse events are of sbon duration and are rarely 
encountered in· mqnetOS!ratigraphic sectiotis. 
The Gauss chron exlubits a long normal section 

"from 1bout 30.2 to 66.4 m. Within the Ga~. 
tbe two reversed sections can be correlated to 
tbe 2Al and 2A2 subchrons. A long reversed 
section measured in~ core from 66.4 to 84.7 
ID is matched to the upper section of the Gilbcn 
chron (2Ar). 

Source of Remanent Mapetization 
E.wnination of the magnetic mineral sepa- ~ 

l'ltes from a typical Sllllple II 20.1 m below the 
top of the core was made with the transmission 
electron microscope (TEM) and revealed crys. 
tats about 0.05-0.3 µm in diameter (Fig. 5) . 

1.5 

TIMI! !Mel 

2D 2.S 3.0 3.5 

X-ray and electron diffraction studies on these 
particles showed that they are composCd of 
magnetite or magbemite; the black color sug­
aests that mainly magnetite is present. Kirsch­
vink and Chang (1984), Petersen and voo 
Dobeneck (1986), and Stolz et al. (1987) have 
shown that biogenic magnetites, especially those 
from magnetotactic blderia, can be recogni1..cd 
on the !mis of particle size and crystal morphol­
ogy. The magnetite crystal dimensions were 

GAUSS 

39.0m/Me 

GILBERT 
2Ar 

.. plotted on 1 grain.size Slability diagram (Butler 
f and Banerjee, 1975). The crystals measured are 
: within the single-domain field (Fig. 6), similar in 
<' 5 size and morphology to those produced by I 

a: ~ of magnetOl&Ctic organisms. In particu-
~ \;, there are two distinct types of single-domain 
"' magnetite present: (1) teardrop-shaped pani-
~ des, shown in Figure SB and plotted as the 
2 lriangle of Figure 6, which match those from the 

-- Expo .... Horizon 

magnelOtlCtic algae (Torres de Araujo et al., 
1986 ), and (2) cuboidal, plotted as a small cross 
in Figure 6. It is important to note that we did 
DOt observe any of the large framboidal magne­
tite spheres that are often linked to the presence 

Figure 4. Age/depth curve tor 11-m S.n S.lvldor core bued on ~r1phy (Harland 
et 11., 1182). M1tuy1m1 reveraed zone In core la relltlvety short, moat Ukety reautt of prolonged 
1ubHri•I exposure during lite PlioceM 1nd .. r1, Pleiltocene. lncre1Hd frequency of aubHMI 
exposure horizons during this period ii consistent wfffl Mtlmatecl gloHI eultltlc lowering of ... 
level. 

oC sec:oadlry magnetite components in organic­
ricb sediments (e.g., McClbe et al., 1987; El­
more et al., 1987). 

Altbougb the Curie temperature of magnetite 
is near 580 °C, well above the 300 °C level 

10 GEOLOGY, Janll&J}' 1988 



245 

A 
Figure 5. Tren1mi11ion 
electron microscope pho· 
tomlcrogr1ph1 of magnet· 
le mineral separates from 
20.1 m depth In San Sal· 
v.dor core. A: Cubic to 
spherical magnetite parti· 
cle1 in short chain; grains 
are similar In size to bac­
terial magnetite. 8: Oblate 
spherical magnetite cry•· 
tali In elongate 1heath1 of 
unknown origin, but re· 
aembling blunt, elongate 
cry1tal1 from recently di•· 
covered magnetotaclic 
eukaryolic algae (Torres 
de Araujo et al., 1986). 
C: Abundant magnetite 
crystals within unknown 
matrix material, similar to 
particle aggregates found 
In colonial magnetotactlc 
organl1m1 (Lins de Barros 
and Esquivel, 1985). Scale 
bar in all three micro· 
graphs = 0.1 I'm. 

-

Multi-Domain 

0.50 

Two Domain 

1 
-= 0.10 

i 
_, 0.05 
.!! 
.!:/ 

cf 
Superparomognetic 

-· 

# c 

A. fr!sn-w.acer sed1men~ ~ ..,. -Sev 

Zealand 1 SlaKemon et .Jl., 
1980) 

8. Comp1e!'I: S!~ul.acea 1,Hur.ll 
en>Ji.ronment. !To·•r .lnd 
'.'ioen.::r., !98;' 

C. Fv11h:wick swa~e ~ond, 
Australia (Kirsclw1nk, 
1960al 

D. Salr earsh~.s oi C.ape Cod. 
~ssachusett s ( !Uake11t0rt, 
1911) 

E. Santa larban basin (Stolz 
et al.. 198£) -

F. L.aauna Fi•ueroa, &.1.:i 
~l1fornu, and Swurlou' 
It•''• Florid• ~Stolz et al.. 
1987) 

0-01.__ ...... __._...__.__...._...._ _ _.... ...... __.101 
C. ?Uanetonctic algae- <Torres 

de Araujo et al._ l986) and 
teardrOJ)-•h•i>•d ut:net it• 

OD Q2 0.4 0.6 0.8 1.0 in •cnecoc.actH' b•cteri• frOll. 
Nev Zealand ( llair.eaore et al., 
l990) 

Axial Ratio !width/ length! 

Figure I. Graln·llze/llablllty hid diagnm of Butler and Banerjee (1175) showing poeltion of 
magnetite cry1talt from magnetotactlc orvanilml of different environments. Mean length •nd 
ulal ratios from Figure• 58 (triangle) and SC (CtOH) .,. within littgle·domaln llelcl, almhr to 
known magnetotacllc a1g.,: and bacterial cryllalt, rMpeetiwel)'. 

where most of our samples become UJ1111C1Sur· 
able, dlcse TEM observations of die magnetic 
particles an: consistent widl the altemating.field 
and thermal-demagnetiution results from the 
core samples. Two observations 111pport this 
conclusion. Finl. extremely small crystals that 
plot near the bottom margin of the single-
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domain st.ability field shown in Figure 6 will 
become superparamagnetic at remperatures well 
below the Curie point, and muy of the 11111· 
netic pu1ides extraded from the 11111plcs fall 
within this siie ru&e· Second, many of die 
ultrafine.sraiaed mqnetires extracted from 
deep«& c:arboaates hive been partially oxidized 

to magbemite, IS deduced by the partial dmolu· 
tion of their surface features during treatment 
widl Na-dithionite (Kirschvink and Chang, 
1984). Maghemite is known to invert to hema­
tite at remperaturcs between 300 and 600 °C, 
and for any magnetofassil with a magnetite core 
and magbemite rim, this conversion would siln· 
ilarly yield a superparamagnetic particle. Note, 
however, lhat both maghemite and magnetite 
share die same electronic crystal lattice super­
structure, and therefore the solid-state oxidation 
of single-domain magnetite IO magbemite does 
not alter the direction of the primary remanent 
magnetization. 

In summary, the presence of an internally 
consistent magnetic polarity stratigraphy, the 
discovery of bacterial magnetofossils, and the 
lack of obvious diagenetic magnetites all indi­
cate that we are dealing widl a primary or early 
diagenetic magnetic remanence. 

DISCUSSION 
Remanent Mapetism UDllfected by 
v lriations ia Depositional Ind 
Diqenetic Textures 

There an: significant variations in dcposi· 
tional and diagenetic textures in the core, but 
these do not appear to have any detectable effect 
on die preservation of the remanent magnetism 
established duriiig deposition. The upper 37 m 
of die core is limestone that is a mix of pack· 
~ones and wackestones composed of oaids and 
peloids; the lower S4 m, now all dolomite, WIS 

originally skeletal deb$ of varying grain sizes 
and composition. These dift'erences in composi· 
tion and grain size do not correlate with changes 
in magnetic polarity. Similarly, the variations in 
mineralogy have no major discenuble effect on 
the preserved magnetism. From the top of the 
core to a depth of I 0. 7 m, the prevailing ( > .50%) 
mineralogy is aragonite. From 10.7 to 33.5 m, 
the core is all calcite. From 33.5 to 91.4-m, the 
core is alniost entirely dolomite. The upper sec· 
lion shows !he last postdepositional modifica· 
lion, judging from the presence of original 
aragonite and the sparse cementation (Supko, 
1977). In !he middle calcitic section, !here is 
much evidence of diaolution and cemenration 
that probably occurred in meteoric environ· 
ments (Suplco, 1977; Beach, 1982; Williams, 
1985). The lower section of almost pure dolo­
mite bas significant variations in texture, from 
microsucrosic to coane-aystalline varieties that 
preserve original fabric elements. Tbe;;e varia· 
lions in diqenesis and especially !he dolomi· 
tized inrerval have no detedable effects on 
mqnetic polarities; long normal and reversed 
intervals uavene cbaJ11es in dolomite texture. 
However, die miaosucrosic dolomites consist· 
endy exhillit a sliabdy weaker NRM intensity 
(Fja. 3). TJiis weaker sipa1 may be indicative of 
llidi.ments that were invened to c:alcite prior to 

dolomiliution (Dawans and Swan, 1987). The 
llicbdy waker sipa1 in these zones is sull well 

II 
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within the range of measurement. The prescrva- even in recrysu.lliz.ed and dolomitized carbon· 
tion of remanent magnetism esablishcd during ates. If this first indication of a mqnelOSlrlti· 
deposition, despite the significant diagcnetic graphic record in pure shallow-water carbonates 
modifications, is quite remarkable and, if rcpro- can be replicated elsewhere and extended to 
duccd elsewhere, will indicate that c!molution, older strata, a valuable new technique for strati­
rccrystalliz.ation, and even pervasive dolomitiz.a- graphic correlation, dating events, rates or ac· 
tion can proceed at such a fine scale as to not cumulation, and subsidence would be available. 
reorient the original rcmanent magnetism. 

APPLICA TIO~~ OF 
MAGNETOSTRA TIGRAPHY 
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CONCLUSIONS 
The results establish that a legible magneto­

stratigraphy that is baS«I presumably on a 
biogenic magnetite signal can occur in shallow­
water carbonates. It is especially significant that 
the original remanent magnetism is preserved 

This paper is quite important; tint, because it provides die first evidence for the timing of Ice Age 
extinction in the Bahamas; second, because it demonstrates die value of undertaking magnetostrati· 
graphic studies in limestone borings; and third, because it raises the pombility that bacteria may have 
produced die magnetic material. 

Steven Stanley 
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