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Abstract

Siderite (FeCO3), rhodochrosite (MnCO3), and vivianite ([Fe3(PO4)2] � 8 H2O) are well-known authigenic minerals in a number of

sedimentary settings. Here, we explore the potential of low-temperature mineral magnetic techniques for their identification at low

concentration in bulk samples thus expanding mineral magnetic proxies for environmental purposes. The basic rock magnetic

properties of these minerals, which are paramagnetic at ambient temperature, were determined with a �Magnetic Properties Mea-

surement System’. Well-crystalline chemically analyzed material of natural origin was used to gather these data. The diagnostic

value of the observed specific magnetic properties was tested on two mid-Eocene sediment samples from the Norwegian Sea (ODP

Leg 104, Site 643) known to contain these minerals.

The observed N�eeel temperatures of siderite (37 K) and rhodochrosite (34 K) conform with literature data. Both carbonates show

a fairly strong spin-canted remanence (�0.4 Am2/kg) from cooling in a 5 T magnetic field. Different ratios of field-cooled and zero-

field-cooled remanences, however, allow a discrimination between the two minerals. A characteristic of rhodochrosite is its ex-

tremely high magnetic susceptibility just below the N�eeel temperature. An almost vertical slope in very low fields of the hysteresis

loop also testifies to this high susceptibility. It is assigned to a weak anisotropic ferromagnetism confined to the basal plane in which

the spontaneous magnetization can almost freely rotate. A prominent magnetic property of siderite is its metamagnetism, resulting

in a progressively upward bending of the hysteresis curve in magnetic fields above 5 T. Vivianite also shows an onset of meta-

magnetic transition below 5 K in 5 T fields and a �two-stage’ increase in susceptibility between 2 and 12 K attributed to successive

short- and long-range magnetic ordering. The magnetic properties of the two authigenic marine sediments could be largely explained

by combining characteristics of rhodochrosite and manganosiderite. Shifting of the N�eeel points to lower temperatures and less well

pronounced magnetic phenomena are attributed to element substitution and non-stoichiometry which occur commonly in sedi-

mentary environments.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In rock and environmental magnetism the magnetic

properties of rocks, sediments, and soils are physically
investigated to explain their provenance and genesis.

Variations in concentration, mineralogy, and grain size

serve as proxy parameters in manifold applications, e.g.,

in paleoclimate or source tracing studies (Frederichs

et al., 1999; Maher and Thompson, 1999). In general,

these studies refer to minerals that are ferri- or anti-

ferromagnetic at room temperature, i.e., to minerals

that are able to carry a remanent magnetization under
*Corresponding author. Tel.: +49-421-218-3989; fax: +49-421-218-

7008.

E-mail address: thofred@uni-bremen.de (T. Frederichs).

1474-7065/$ - see front matter � 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S1474-7065(03)00121-9
ambient conditions. These �magnetic minerals’ include

iron oxides, sulfides and oxyhydroxides. Their specific

properties allow a discrimination and quantification by

magnetic bulk sample measurements (Peters, 1995; Pe-
ters and Thompson, 1999; Peters and Dekkers, 2003).

In the course of sediment diagenesis, various sec-

ondary iron and manganese minerals form which are in

most cases paramagnetic at room temperature. Among

these authigenic minerals are the iron carbonate siderite

(FeCO3), the manganese carbonate rhodochrosite

(MnCO3), and the hydrated iron phosphate vivianite

([Fe3(PO4)2] � 8 H2O). They are typical of anoxic envi-
ronments and indicative for geochemical conditions

where ferric iron oxides usually dissolve (Canfield et al.,

1992). Rhodochrosite is formed in both anoxic sulfi-

dic and non-sulfidic environments whereas siderite is
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restricted to anoxic non-sulfidic methanic environments

(Glasby and Schultz, 1999 and references therein). Both

occur in rapidly accumulating, fine-grained, organic-rich

sediments, where CO2 is produced as a result of oxida-

tion of organic matter, partly by reduction of Mn and

Fe oxyhydroxides. Biological mediation plays an im-

portant role in these processes (Nealson and Saffarini,
1994; Konhauser, 1998). Vivianite forms in iron-rich

sediments within or below the sulfate reduction zone or

the methanogenic zone (Burns, 1997; Schulz et al., 1994

and references therein).

Authigenic minerals can form rapidly in sediments of

quite variable age in either marine or lacustrine settings.

In marine settings, rhodochrosite was reported in 7 ka

Baltic Sea sediments (Neumann et al., 2002), in 5 Ma old
pelagic sediments from the Galapagos Ridge in the

equatorial Pacific (Morad and Al-Aasm, 1997), together

with siderite in 25 Ma chalks of the Barbados accre-

tionary prism (Housen et al., 1996), and in Norwegian

Sea sediments of about the same age (Chow et al., 2000).

Siderite was described in 190 ka carbonate oozes from

the deep-sea fan of the Congo River (Haese et al., 1997),

above and within the gas hydrate zone in Blake Ridge
sediments of 6 Ma of age (Rodriguez et al., 2000) and

together with vivianite in 25 ka old Amazon Fan sedi-

ments (Burns, 1997).

In lacustrine settings, vivianite is reported more often

than in marine settings: in recent organic-rich muds

from wells in Portugal (Vriend et al., 1991), in subrecent

sediments from Baptiste Lake (Alberta, Canada; Man-

ning et al., 1999), in 5 ka old laminated mud from Lake
Barrine (Northeast Australia; Walker and Owen, 1999),

and also in the Quaternary sediments of Lake Baikal

(Russia; Deike et al., 1997). Rhodochrosite was identi-

fied in 10 ka old varved lake sediments in Big Watab

Lake (Minnesota, USA; Stevens et al., 2000) and siderite

in 20 ka old sediments of Amazonian rainforest lakes

(Sifeddine et al., 2001).

Hence, siderite, rhodochrosite, and vivianite occur in
a wide variety of sedimentary environments. A superfi-

cial examination of their magnetic properties may lead

to confusion with low-temperature properties of some

of the classical magnetic minerals such as pyrrhotite

(Dekkers et al., 1989) or superparamagnetic (titano)

magnetite (Worm and Jackson, 1999). Minerals not yet

fully investigated like ilmenite (Senftle et al., 1975),

ferrihydrite (Zergenyi et al., 2000) and lepidocrocite
(Hirt et al., 2002) exhibit changes in magnetic suscepti-

bility or remanence at a comparable low-temperature

range. Moreover, siderite and probably also vivianite

disintegrate into strongly magnetic magnetite and/or

maghemite and weakly magnetic hematite upon heating

in air (Ellwood et al., 1986, 1989; Pan et al., 2000),

disturbing thermal demagnetization that is routinely

applied in paleomagnetic analysis. Oxidation of siderite
nodules may result in the acquisition of a chemical re-
manent magnetization (Hus, 1990) complicating paleo-

magnetic interpretation.

Therefore, the detection of siderite, rhodochrosite,

and vivianite is important: it puts meaningful con-

straints on the geochemical environment and allows to

optimize paleomagnetic procedures. X-ray diffraction

analysis can detect these minerals down to concentra-
tions of about 1–2 wt.%. The ability to identify them in

much lower concentrations by magnetic techniques

would significantly add to the potential of environ-

mental magnetism. This could be done, for example, by

measuring their N�eeel temperature (TN), or, more gen-

eral, their characteristic magnetic ordering tempera-

tures. Magnetic hardness, hysteresis properties, and

differences between zero field cooling (ZFC) and field
cooling (FC) behavior provide further useful diagnostic

information. Here, we report on these parameters to

overcome the presently existing gap in knowledge of

mineral magnetic properties.
2. Basic mineral magnetic properties

Siderite (FeCO3, density 3960 kg/m3; Hurlbut, 1971)

is a brownish translucent mineral crystallizing in the

same hexagonal (rhombohedral) lattice as calcite. Mn

and Mg can substitute for Fe defining a complete

solid solution series to rhodochrosite and magnesite

(MgCO3). Calcium may be present in small amounts.

Siderite is antiferromagnetic with a N�eeel temperature

(TN) of about 38 K (Jacobs, 1963) derived from mag-
netization data. Jacobs also discovered that the anti-

ferromagnetic lattice of siderite gradually transforms

into a ferromagnetic lattice when exposed to strong

magnetic fields of 12–14 T. Contemporaneously, Ozho-

gin (1963) recognized the strong non-linearity of MðHÞ
of FeCO3 in fields larger than 10 T being very similar to

the behavior of �metamagnets’. The term metamagnet-

ism was proposed by H.A. Kramers (Bequerel, 1940)
and describes the phenomenon of magnetic phase tran-

sition from an antiferromagnetic to ferro- or ferrimag-

netic state. This effect is observed for numerous

antiferromagnetic alloys and also by iron halogenides

such as FeCl2, FeBr2, and FeI2 (Stryjewski and Gior-

dani, 1977). The unusually broad and high-coercive

metamagnetic transition of siderite was theoretically

explained by Dudko et al. (1975). They describe the
transition as the result of a continuous change of the

antiferromagnetic sub-lattice magnetization being op-

positely oriented to the external magnetic field and in-

troduce a concept of multi-sub-lattices and successive

flipping of individual spins forming a periodic structure

in an external magnetic field of 15–18 T.

Rhodochrosite (MnCO3, density 3690 kg/m3; Hurl-

but, 1971) is a rose-red, transparent to translucent
mineral with the same hexagonal symmetry as siderite.
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Ca substitution for Mn creates a partial solid solution

series with calcite. Mg and Zn can substitute for Mn in

limited amounts as well (Hurlbut, 1971). Rhodochrosite

is a canted antiferromagnet with TN ¼ 32 K (Borovik-

Romanov, 1959) determined also from magnetization

data. The author assigns the additional weak aniso-

tropic ferromagnetism to incompletely aligned spins in
the antiferromagnetic order of the basal crystal plane.

The spontaneous magnetization does not have a fixed

direction, but may rotate almost freely in the basal

plane. Robie et al. (1984) reported heat capacity data of

two samples of carefully characterized rhodochrosite

and siderite showing anomalies at 34.27 and 39.71 K due

to antiferromagnetic–paramagnetic transitions.

Vivianite ([Fe3(PO4)2] � 8 H2O, density 2650 kg/m3;
Hurlbut, 1971) is a transparent to translucent mono-

clinic mineral forming prismatic lamellar flakes. It is

colorless in its ideal state, but turns vividly blue to green

with partial oxidation of Fe2þ to Fe3þ. Already in the

late fifties, Mays (1957) concluded from nuclear magnetic

resonance experiments that iron group phosphates such

as vivianite undergo antiferromagnetic or ferrimagnetic

transitions above the temperature of liquid helium.
Vivianite is an antiferromagnet with a N�eeel temperature

of 12 K (Meijer et al., 1967). Kleinberg (1969) discov-

ered that the magnetic structure of vivianite consists of

ferromagnetic (0 0 1) planes with consecutive planes

antiferromagnetically coupled. Forstat et al. (1965)

performed specific-heat measurements on a single crys-

tal of vivianite. They associated two anomalies observed

at 9.6 and 12.4 K with paramagnetic to antiferromag-
netic transitions. The six iron ions per unit cell are not

equivalent giving rise to a two-step antiferromagnetic

transition. Meijer et al. (1967) also described the pres-

ence of two magnetic systems in vivianite. Their mo-

ments are oriented perpendicular to each other in the ac
plane. The magnetic axes rotate by 38� between �30 and

4 K. Forsyth et al. (1970) determined the magnetic

structure of vivianite from a single crystal neutron study
and found an angle of 42� between the spin directions on

the two different Fe sublattices. They reported a N�eeel
temperature of 8.84 K. Grodzicki and Amthauer (2000)

performed cluster molecular orbital calculations to ex-

plain the electronic and magnetic structure of vivianite

confirming the differences between the two iron sites.
3. Materials and methods

The monomineralic siderite, rhodochrosite and

vivianite samples investigated are well-crystalline natural

specimens taken from the mineral collection of the Bre-

men Geosciences Department. They consist of one or a

few mineral fragment(s) of 70–200 mg weight which were

chipped off macroscopic crystals of hydrothermal origin.
The fingertip sized siderite and vivianite crystals are
translucent and have good idiomorphic shapes. Electron

microprobe analysis of the siderite sample revealed small

admixtures of Cu, Pb and S in form of chalcopyrite

(CuFeS2) and galena (PbS) inclusions. The rhodochro-

site mineral sample (pink) is polycrystalline and shows

variable stains. Electron microprobe analysis of a frac-

tion of the sample revealed the presence of Ca and Mg.
Element distribution images show zones enriched in Mg

or Ca. Total solid concentrations of elements Fe, Mn,

Ca, Mg, P, Sr, S, Cu, Ni, and Pb were determined by

microwave digestion (MLS Ethos 1600) with hydroflu-

oric acid (Zabel et al., 2001). Subsequent analysis of the

digestion solution were made using inductively coupled

plasma-optical emission spectrometry (ICP-OES; Perkin

Elmer, Optima 3000). Values are listed in Table 1.
The marine sediment samples investigated originate

from the Norwegian Sea (ODP Leg 104, Site 643, Sample

44-04-124, 415.78 m core depth and Sample 47-06-28,

446.88 m core depth) and were intensively studied by

Henrich (1989). The mid-Eocene hemipelagic clays con-

tain iron and manganese carbonates such as rhodochro-

sites and transitional rhodochrosite/manganosiderites in

significant amounts resulting in sufficiently strong mag-
netic moments. Also apatite (Ca5[(PO4)3(OH,F,Cl)]) is

present. The authigenic carbonates of the upper sediment

sample (44-04-124) are described as rhodochrosite of

diffuse large rhombs. The sediment contains 1.6 wt.%

Fe and 20.5 wt.% Mn. Mg, Sr and P amounts are well

below 1 wt.%. The main component is CaCO3 with 58.5

wt.%. The lower sediment sample (47-06-28) contains

7.5 wt.% Fe, 18.3 wt.% Mn, 54.7 wt.% CaCO3 and less
than 1 wt.%Mg and P. Henrich (1989) concluded that the

rhodochrosites and transitional rhodochrosite/mang-

anosiderites had precipitated at the transition of the sul-

fate reduction and methane generation zones.

A Quantum Design XL-7 Magnetic Properties Mea-

surement System (MPMS) available at the paleo- and

rock magnetic laboratory of the Department of Geo-

sciences of the University of Bremen allowed to perform
highly sensitive low-temperature measurements to ana-

lyze these authigenic minerals in variable magnetic fields

up to 7 T and temperatures from 400 K down to 1.8 K.

The crystal chips were randomly oriented in gelatin

capsules and stabilized with pure vacuum grease hard-

ening at sub-zero temperatures. All mineral samples

gave strong magnetic signals well above the instrumental

noise level (�10�11 Am2).
Most measurements presented follow standardized

field––temperature runs commonly applied in low-tem-

perature rock magnetism. Remanent magnetization rr

was always measured during warming in order to de-

termine the thermal demagnetization of low-tempera-

ture remanence. Initially, each sample was cooled in

zero field to a temperature of 2 K at which an isothermal

remanence was imparted by a direct field of 5 T (ZFC).
The superconducting magnet was then quenched to zero



Table 1

Element concentrations of natural siderite, rhodochrosite and vivianite well-crystalline samples determined by ICP-OES

Element Concentration [mg/l] SD [%] Solid phase [g/kg] Solid phase [mol/kg]

Siderite

Fe 385 0.18 376 6.73

Mn 28.8 0.28 28.1 0.51

Ca 4.1 0.31 4.0 0.10

Mg 24.2 0.25 23.6 0.97

P – – – –

Sr – – – –

S 0.16 4.3 0.16 0.0049

Cu – – – –

Ni – – – –

Pb – – – –

Rhodochrositea

Fe 5.1 0.37 5.0 0.09

Mn 320 1.93 313.7 5.71

Ca 11.7 0.39 11.5 0.29

Mg 6.1 0.29 6.0 0.25

P 0.44 4.31 0.43 0.014

Sr – – – –

S 1.26 0.82 1.24 0.039

Cu – – – –

Ni – – – –

Pb – – – –

Vivianite

Fe 304 0.14 299 5.35

Mn 0.16 0.24 0.16 0.0029

Ca 0.07 0.99 0.07 0.0017

Mg 0.16 0.76 0.16 0.0065

P 105 0.65 103.1 3.33

Sr – – – –

S – – – –

Cu – – – –

Ni – – – –

Pb – – – –

SD: standard deviation of concentration; �–’ not detectable. Weighted sample was 51 mg each.
aA black precipitation of probably PbCl2 occurred during the preparation procedure. Therefore the digestion solution was filtered before the ICP-

OES measurement. Thus Pb was not detected in the filtered solution and the S content is very likely to represent PbS included in the sample.
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field and remanence was measured during warming to
300 K at defined temperature steps. In a second run, the

samples were cooled in a direct field of 5 T (FC). At 2 K

the magnet was set to zero field and remanence was

again measured during warming to 300 K (260 K for the

sediment samples, sufficient to reduce the remanence to

almost zero). Temperature dependent low-field magnetic

ac susceptibility v was determined in alternating fields

of 0.4 mT at a frequency of 110 Hz to avoid power
frequency disturbance. Hysteresis loops MðB0Þ were re-

corded between peak magnetic fields of ±5 T at several

temperatures below 40 K.
4. Results

4.1. Siderite

During warming from 2 K, both ZFC and FC states

of the siderite specimen (Fig. 1a) show a steep rema-
nence decay to almost zero at 37 K. This temperature
is in perfect agreement with the literature N�eeel point

(38 K; Jacobs, 1963). Note that the FC remanence at

2 K (0.382 Am2/kg) is about eight times higher than the

ZFC remanence (0.052 Am2/kg). This large difference is

attributed to an additional thermal remanence acquired

during cooling in the 5 T field through the sample’s

N�eeel temperature. It implies that siderite is far from

magnetic saturation in a field of 5 T at 2 K. We mea-
sured various low-temperature pTRM curves during

cooling from 50 K down to 2 K and switched the

magnetizing field on and off in different temperature

intervals in order to determine temperature intervals of

preferential FC remanence acquisition. These �cascading
runs’ show that the extremely hard coercivity encoun-

tered at 2 K softens considerably above 20 K. Simul-

taneously, in-phase magnetic susceptibility increases
from 1.47 · 10�6 m3/kg at 2 K to a peak value of

5.24 · 10�6 m3/kg at 37 K and decreases linearly with

1=T during further warming (Fig. 1b). The 1=vðT Þ curve



Fig. 1. Low-temperature magnetic characteristics of well-crystalline siderite. (a) Warming curves of a 5 T remanence rr after cooling in zero field

(open squares) and in a field of 5 T (solid dots). The insert shows the N�eeel temperature region. For clarity only every second data point is represented

by a symbol. (b) In-phase magnetic susceptibility v versus temperature shows a maximum at the N�eeel temperature of 37 K. The straight lines mark a

fit to the 1=v curve in the intervals from 50 to 115 K and from 150 to 300 K plotted between the axis limits.

T. Frederichs et al. / Physics and Chemistry of the Earth 28 (2003) 669–679 673
shows a subtle change in slope at around 120 K, pos-

sibly related to impurities.

4.2. Rhodochrosite

Warming curves of FC and ZFC remanence for

rhodochrosite (Fig. 2a) are similar to those of siderite.

Intensities drop significantly at a temperature of 34 K,
slightly above the published N�eeel temperature for rho-

dochrosite of TN ¼ 32 K (Borovik-Romanov, 1959). FC

remanence is only about 40% above the ZFC remanence

(0.463 and 0.327 Am2/kg, respectively). This indicates a

comparatively higher saturation and therefore more ef-

ficient magnetization at 2 K than for siderite, implying a

magnetically softer mineral. The 2 K in-phase magnetic

susceptibility (Fig. 2b) doubles during warming to
151 · 10�6 m3/kg at 29 K and, unlike for siderite, drops

by almost two orders of magnitude to 5.06 · 10�6 m3/kg

at 34 K. The 30 times higher susceptibility of rhodo-

chrosite is a consequence of the afore mentioned low

anisotropy barriers in its basal plane. Upon warming
1

1

[1
0

x
-6
m
3 /
kg
]

(b)
0 50 100 150 200 250 300

T [K]

0

0.1

0.2

0.3

0.4

0.5

rσ
[A
m
2 /
kg
]

0

0.001

0.002

0.003

0.004

30 35 40

FC
ZFC

(a)

Fig. 2. Low-temperature magnetic characteristics of well-crystalline rhodoch

field (open squares) and in a field of 5 T (solid dots). The insert illustrates t

above. For clarity only every fourth data point is represented by a symbo

Hopkinson peak below the N�eeel temperature of 34 K. The straight line mark

the axis limits.
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4.3. Vivianite

ZFC and FC warming curves of vivianite (Fig. 3a)

are nearly identical, pointing to a magnetically soft

mineral saturating in a 5 T field at 2 K. The initial value
of FC rr (1.94 · 10�3 Am2/kg) decreases sharply to a

local minimum at 7.5 K (1.06 · 10�3 Am2/kg), then in-

creases to a local maximum (1.16 · 10�3 Am2/kg) at 12 K

and decreases smoothly thereafter without reaching

zero. It appears that the magnetization above the N�eeel
point represents an induced paramagnetism of a small

residual field of the MPMS instrument. It is visible in

case of vivianite, because its remanence is three orders of
magnitude smaller than that of siderite and rhodo-

chrosite. The in-phase magnetic susceptibility of vivia-

nite (Fig. 3b) largely resembles the corresponding

curve for siderite, both in shape and in amplitude with

the exception that the maximum (6.62 · 10�6 m3/kg) is
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Fig. 3. Low-temperature magnetic characteristics of well-crystalline vivianite. (a) Warming curves of 5 T remanence rr after cooling in zero field

(open squares) and in a field of 5 T (solid dots). The insert clarifies double kinks at two ordering temperatures and considerable residual remanence
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located at the N�eeel temperature of 12 K. An additional

feature of the low-temperature branch is a shoulder at
7.5 K.

All observed features are nicely explained by the re-

sults of Meijer et al. (1967). They described different

magnetic ordering processes as a function of tempera-

ture: a �quasi two-dimensional ordering’ in the ac planes
at 12.4 K, followed by an ordering between the layers at

9.6 K and a third three dimensional long range ordering

at 8.85 K. Grodzicki and Amthauer (2000) assign the
higher N�eeel temperature of 12.4 K to antiferromagnetic

ordering within chains of alternating A and B octahedra

oriented along diagonals of the crystallographic ac plane
and linked via phosphate tetrahedra containing the

bridging oxygens of the B octahedra. The lower N�eeel
temperature of 9.6 K is attributed to ordering between

the chains by fairly strong ferromagnetic interaction

between FeA and FeB spins via the axially coordinated
phosphate tetrahedra. Alternatively, the higher N�eeel
temperature might indicate a short-range spin ordering,

while the lower TN corresponds to the onset of long-

range two-dimensional ordering. Dekkers et al. (2000)

observed a comparable behavior with a local maximum

of remanence at �10 K in fresh as well as in stored

greigite of various provenances. They speculated on a

magnetic transition as a possible explanation for the
maximum remanence at �10 K.

4.4. Marine sediment sample 44-04-124

Converting the Mn and Fe concentrations deter-

mined by AAS (Henrich, 1989) exclusively into car-

bonate minerals, this mid-Eocene hemipelagic clay from

the Norwegian Sea should contain as much as 42 wt.%
MnCO3 and 3 wt.% FeCO3. We therefore expected the

sample to show similar magnetic characteristics as the

crystalline rhodochrosite. Indeed, the warming curves of
low-temperature remanence (Fig. 4a) basically resemble

those of the reference mineral. The difference of the 5 T
FC and ZFC remanences at 2 K is only 15%, a strong

indication of rhodochrosite (cf. Fig. 2a). It excludes

siderite, where this difference is much larger (cf. Fig. 1a).

Correcting for absolute concentrations, the 2 K rema-

nence carried by the sedimentary rhodochrosite is twice

that of the monomineralic crystalline sample. This could

be due to some isomorphous substitution that would

influence the spin canting angle or introduce a defect
moment, in line with the situation in hematite. FC and

ZFC warming curves show a comparably steep and very

similar thermal decay reaching the near-zero plateau at

only 28 K. Just a small fraction of the FC remanence

continues up to 39 K as in the reference sample. It re-

mains an open question, whether the difference of 4 K to

the literature N�eeel temperature of 32 K is due to some

Fe substitution or reflects unblocking of remanence.
Assuming all iron present is included in rhodochrosite, it

implies an about 8% solid solution.

The sediment’s vðT Þ curve (Fig. 4b) shows a spike at

27 K, 2 K lower and much less pronounced than in the

reference rhodochrosite (cf. Fig. 2b). This is an indica-

tion that the free rotation in the basal plane is hampered

by non-stoichiometry. Only just below the N�eeel point,
the energy barrier is passed by thermal activation. The
slope of the (inverse) section conforms well with

the sedimentary MnCO3 concentration. Furthermore,

the susceptibility curve of present paramagnetic miner-

als indicated by the linearity of the inverse susceptibility

(Fig. 4b) above TN apparently superimpose with vðT Þ
for rhodochrosite.

4.5. Marine sediment sample 47-06-28

The second marine sediment sample predominantly

consists of rhodochrosites and manganosiderites de-
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scribed as large xenomorphic to hypidiomorphic crystals

(Henrich, 1989). The ratio of FC to ZFC remanence is

about 2:1, larger than the ratio for rhodochrosite, but

less than for siderite (Fig. 5a). This intermediate value
reasonably complies with the published Fe and Mn

concentrations. FC remanence decays steeply from 2 up

to 35 K virtually identical to the rhodochrosite refer-

ence. Yet, ZFC remenance vanishes entirely at 30 K.

This 5 K offset between FC and ZFC curves results very

likely from different unblocking temperatures possibly

representing near-zero values of anisotropy constants.

The higher coercive siderite component contributes very
little to the ZFC curve. Therefore, we conclude that the

30 K decay corresponds to a marginally Fe-substituted

rhodochrosite. In the FC curve, this predominant phase

is responsible for the kink at 30 K. The higher un-

blocking temperature of 35 K is assigned to a man-

ganosiderite, yet 2 K below the N�eeel point of the siderite
reference.
Outside the critical range between 25 and 40 K, the

vðT Þ curve (Fig. 5b) of this sample coincides with the

other sediment sample. After a steep initial decrease

with rising temperature to 20 K, a little plateau devel-
ops, which drops off sharply at 29 K reflecting the

presence of ferro-rhodochrosite. The following small

maximum at 35 K indicates manganosiderite.
5. Discussion

The well-crystalline siderite and rhodochrosite refer-
ence samples reproduced thermal characteristics of FC

and ZFC remanence as published by Housen et al.

(1996). The respective ordering temperatures detected at

37 and 34 K (Table 2) agree with physics literature, but

seem to represent upper limits for each mineral and

decrease with impurities. The continuous solid solution

series of Fe2þ–Mn2þ carbonates commonly formed in



Table 2

N�eeel temperatures, peak values of in-phase susceptibility and remanence (FC, ZFC) at 2 and 4 K of natural siderite, rhodochrosite and vivianite well-

crystalline samples

Siderite FeCO3 Rhodochrosite MnCO3 Vivianite Fe3[PO4]2 Æ 8H2O

TN [K] 37 34 12 (based on v)
v [10�6 m3/kg], peak value 5.24 (at 37 K) 151 (at 29 K) 6.62 (at 12 K)

rr [10
�3 Am2/kg], 5 T FC, 2 K 382 463 1.94

rr [10
�3 Am2/kg], 5 T ZFC, 2 K 51.5 327 1.61

rr (5 T FC): rr (5 T ZFC), 2 K 7.6:1 1.4:1 1.2:1

rr [10
�3 Am2/kg], 5 T FC, 4 K 381 455 1.28

rr [10
�3 Am2/kg], 5 T ZFC, 4 K 51.3 305 1.23

rr (5 T FC): rr (5 T ZFC), 4 K 7.4:1 1.5:1 1.04:1

676 T. Frederichs et al. / Physics and Chemistry of the Earth 28 (2003) 669–679
marine sediments results in lower N�eeel temperatures

down to 27 K and most likely beyond. Both spin-canted

antiferromagnets acquire reasonable high-field rema-

nences of 0.382 and 0.463 Am2/kg exceeding typical

hematite values at room temperature (�0.2 Am2/kg).

Non-stoichiometry appears to increase the remanence.

The normalized FC remanence curves of siderite and

rhodochrosite are quite difficult to distinguish, whereas
the ZFC remanence of siderite is more stable than that

of rhodochrosite at temperatures below about 20 K

(Fig. 6) contrasting with the findings of Housen et al.

(1996). Depending on the respective mineralogical

composition, it might not be easy to differentiate be-

tween siderite and rhodochrosite only by N�eeel temper-

atures or the shape of their ZFC and FC remanence

curves. The most diagnostic difference is the ratio of FC
and ZFC remanence at 2 K (Figs. 1a and 2a, Table 2).

Magnetic susceptibility may also be a useful diag-

nostic parameter, since the very low basal plane an-

isotropy of rhodochrosite can cause an abnormally high

absolute v which is much larger than that of siderite.

The peak susceptibility for rhodochrosite observed here

(1.51 · 10�4 m3/kg) reaches to one third of a typical

magnetite value (5.7 · 10�4 m3/kg) at room temperature
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(Heider et al., 1996). The extreme coercivity contrast

between the easy basal plane and hard axis is clearly

expressed by a near vertical segment in the hysteresis

loops at low fields (Fig. 7). Deviations from the stoi-

chiometric composition largely suppress spin waves and

accordingly this hysteresis feature. The rotation into the

hard direction appears to be temperature independent

and proceeds almost linearly with the increasing field.
The hysteresis loops of siderite do not share this

temperature independence nor the exotic near zero-field

phenomenon of the rhodochrosite loops. However,

these loops hold a remarkable feature of their own: The

upward bending of the outer hysteresis branches at fields

above �5 T (Fig. 8a) is an indication of beginning

metamagnetism. The available peak field of 7 T is suf-

ficiently strong to initialize this forced transition from an
antiferromagnetic to ferromagnetic state which only

fully develops in the field range of 15–18 T (cf. Stry-

jewski and Giordani, 1977). Completion of this first

order magnetic phase transition would eventually be

associated with a very large magnetic moment compa-

rable to pure iron, providing an excellent, but experi-

mentally expensive means of diagnosis.

The phenomenon of beginning metamagnetism at
fields below 7 T is not restricted to siderite. Below the

N�eeel temperature of 12 K, the hysteresis loops of

vivianite are also upward bending (Fig. 8b). While the

7 K loop compares to siderite, the 2 K curve first bows

down and then curls up at 7 T to near vertical further

ascent. Low-field susceptibility and saturation magneti-

zation of vivianite at 12 K exceed the respective values

of siderite below its N�eeel temperature.
Also new to rock magnetic literature is the FC as well

as ZFC remanence behavior of vivianite (Fig. 3a) dif-

fering distinctly from that of both other minerals.

However, a small residual field in the instrument

(�0.15 mT) as suggested by the low remanence intensity,

relatively high susceptibility and high resemblance of rr

and v curves below and above TN interferes with the

determination of TN from remanence curves. The 12 K
N�eeel point of vivianite is therefore best derived from

magnetic susceptibility or induced magnetization curves.

The two-stage rise of v from 2 to 12 K (insert Fig. 3b)
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probably reflects successive magnetic ordering in planes

and volume (Meijer et al., 1967).
6. Conclusions

Rhodochrosite, siderite, and vivianite show distinct

magnetic low-temperature properties allowing a mutual

discrimination as separate natural minerals. Besides

temperature dependence of ZFC and FC remanence as
well as of in-phase magnetic susceptibility, temperature

dependent hysteresis loops are of diagnostic importance.
The detection limit of these low-temperature magnetic

minerals in natural environments depends not so much
on their own concentration, but rather on the presence

of other strongly magnetic minerals exhibiting mag-

netic transitions in the temperature range below 40 K,

for example the 34 K transition of pyrrhotite (Dekkers

et al., 1989). Nevertheless, the low-temperature mag-

netic properties of marine sediment samples investigated

here could be essentially explained by combining prop-

erties of their authigenic components rhodochrosite and
manganosiderite. Therefore it should also be possible

to identify these ferrous iron minerals in sediments of
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unknown composition where they can precipitate only

under certain anoxic conditions, far outside the stability

field of Fe3þ bearing minerals.
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