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Abstract—Lepidocrocite (g-FeOOH) formation in the hydrothermal brines of the Thetis and Atlantis II
Deeps in the Red Sea results in markedly different crystals (size and shape). The only foreign element
associated with the crystals is Si and analyses of samples from the two deeps yielded average Si/Fe (molar)
ratios of 0.03 and 0.11, respectively. The Si/Fe ratio does not affect formation of a perfect lattice along
[010]. Direct observations of crystal morphology as well as X-ray diffraction patterns, Mössbauer and
infrared spectra, all indicate that the Atlantis II Deep lepidocrocite is less crystalline than the Thetis Deep
lepidocrocite. In one sample a poly-disperse size distribution was resolved indicating a fine-scale variation
in precipitation conditions. Infrared spectroscopy suggests that the Si is adsorbed on the lepidocrocite
surfaces, probably also forming polymers, as both Fe �O �Si and Si �O �Si bonds can be detected. The
formation of the Atlantis II Deep lepidocrocite is due to fast oxidation of Fe2+. The blanket-like layer of
lepidocrocite in Atlantis II and Thetis Deeps lepidocrocite was probably formed as a result of precipitation
during an abrupt oxidation event of the brine, triggered by down-welling of a condensed oxidized brine,
which originated in the northern part of the Red Sea. A difference in Si concentrations determined the
different crystal properties of the lepidocrocite formed in the two deeps.
Key Words—Analytical High-resoluti on Transmission Electron Microscopy, Atlantis II Deep,
Electron Diffraction, Hydrotherma l Sediments, Infrared Spectroscopy, Mössbauer Spectroscopy, Si
associated with Lepidocrocit e, Thetis Deep.

INTRODUCTION

Lepidocrocite (g-FeOOH) in marine sediments influ-
enced by hydrothermal brines has been reported from the
Atlantis II Deep (A2D) and the Thetis Deep (TD), in the
Red Sea. The A2D has been a continuously active
hydrothermal site since its formation some 28000 years
ago (Danielsson et al., 1980). Hydrothermal fluids,
which are leaching the Miocene evaporites and overlying
sediments, have been trapped in the A2D forming
submarine hot brine (Craig, 1969; Stoffers and Ross,
1972; Schoell and Faber, 1978; Dupré et al., 1988). The
metal cations in the venting water have created meter-
thick deposits of oxides, silicates, carbonates and
sulfides as the primary constituents. The sediments of
the A2D have been investigated in several publications
and include various Fe oxides and oxyhydroxides
(Bischoff, 1969; Bäcker and Richter, 1973; Bignell,
1975; Butuzova et al., 1990; Schwertmann et al., 1998).

Bischoff (1969) first identified well-crystallized
lepidocrocite in A2D. Lepidocrocite was detected
mainly in two oxidized zones, the lowermost Detrital-
Oxidic-Pyritic Zone (DOP) and the Central-Oxidic Zone
(CO), but it also occurs as a few centimeters-thick layer
towards the lower part of the uppermost Amorphous-

Silicate Zone (AM), spreading over the whole of the
Deep and forming a distinct marker horizon (LP)
(Bäcker and Richter, 1973; Bignell, 1975; Butuzova et
al., 1990).

In the TD, lepidocrocite was reported by Bignell
(1975), Butuzova and Lisitsyna (1984) and Scholten
(1984) in Fe-rich layers together with magnetite and
hematite. The presence of lepidocrocite in the northeast
of the TD is related to hydrothermal activity which
lasted till 1200 BP. Hydrothermal discharging fluids
filled the northeast basin in the TD, causing the
formation of a brine pool (simultaneously with the
hydrothermal activity in the A2D) and subsequently
precipitating Fe-facies types (Scholten et al., 1991).

Lepidocrocite usually precipitates at fast oxidation of
Fe2+ at ambient conditions with pH controlled between 5
and 7 (Cornell and Schwertmann, 1996). Iron oxides
often retain the elements from the solution they formed
in, either as substitutions or adsorbed and may therefore
themselves reveal information on the geochemical
conditions during formation. We therefore decided to
undertake a structural and crystal chemistry investiga-
tion of the lepidocrocite from the Red Sea Deeps.

SAMPLES AND METHODS

Samples from the Red Sea Deeps had been collected
by R.V. Valdivia in the ‘Meseda 3’ cruise for the Saudi-
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Sudanese Red Sea Joint Commission for Exploration of
Red Sea Resources. Three samples were chosen for the
presentation based on their relatively high content of
lepidocrocite (Table 1). The moist samples were stored
at 48C from the time of collection. Each sample was
washed with distilled, deoxygenated water under a N2

atmosphere in order to remove easily soluble salts. This
procedure was used to prevent oxidation of Fe sulfides
or Fe carbonates which are frequently found in the
sediments of A2D. The samples were then freeze dried.
The samples (GN072 and GN244) were suspended in
alcohol and transferred to Cu-supported carbon or holey
carbon films for transmission electron microscopy
(TEM) analyses. Phase analyses and elemental analyses
by energy dispersive X-ray (EDX) analysis were carried
out either using a Jeol 20-10 HRTEM operated at
200 keV and equipped with an Oxford Instrument Link
ISIS, or a Philips EM 430 operated at 300 keV equipped
with an EDAX 9900. Counting time was 40 �50 live
seconds and the diameter of sampled area was 10 nm and
25 nm for samples GN072 and GN244, respectively.
Calculated electron diffraction from high-resolution
transmission electron micrographs (HRTEM) was
obtained using Fast Fourier transformation in the
‘Gatan’ software.

The XRD analyses were carried out with a Philips
1050 powder diffractometer using CuKa radiation with a
graphite curved monochromator in the diffracted beam,
at a scanning step size of 0.0282y and a measuring time
of 2 s per step. NBS640-silicon was added in ~10%
weight as an internal standard. The fitting of the peaks
profile was performed by using a Pseudo-Voigt function
with APD computer program developed by Philips
Export B.V. Phase identification was performed on the
basis of ICDD card No. 44-1415 (lepidocrocite) and
Card No. 29-713 (goethite). The unit-cell refinement
was peformed by a least squares process (Celsiz).
Rietveld simulation (Young DBWF 98 software) of the
XRD patterns was used to quantify the lepidocrocite,
goethite and siderite in the samples.

Mössbauer spectra were measured at temperatures
between 5 and 298 K using a conventional constant
acceleration spectrometer and a source of 57Co in Rh.
The spectrometer was calibrated using a foil of metallic
Fe at room temperature, and isomer shifts are given
relative to the centroid of this spectrum. Fittings of the
spectra were performed using a least squares refinement
with a combination of doublets and sextets of Lorentzian
lineshape.

Infrared (IR) spectra were obtained using a Nicolet
FTIR spectrometer. Absorbance and reflectance spectra
were obtained for the A2D and TD samples after
removing soluble salts. The spectra were recorded in
the 4000 �380 cm �1 range using the ‘Omnic’ software.
Absorbance spectra were measured using 1000 mg of
KBr and 10 mg of sample that were ground and pressed.
A total of 66 scans per sample were collected for
absorbance spectra. Reflectance spectra were measured
using 30 mg samples, mixed and ground with KBr to
make a total weight of 310 mg. Diffuse reflectance
(DRIFT) spectra were measured by collecting 400 scans
(Niemeyer et al., 1992). The IR spectra were analyzed
using the peak-fitting function in the ‘Grams’ software
using Lorentzian lineshapes. Multiple points on either
side of the region of interest were selected for linear
baseline correction.

Three methods were used to characterize the chemi-
cal composition of the samples. The samples were
treated with 0.2 M ammonium oxalate at pH 3 in the
dark to extract highly reactive Fe oxides (Schwertmann,
1959, 1964; McKeague and Day, 1966) and with DCB
(dithionite-citrate-bicarbonate) to dissolve all Fe oxides
(Mehra and Jackson, 1960). The chemical composition
of the solutions was determined using inductively
coupled plasma atomic emission spectrometry (ICP-
AES) and molar ratios were calculated assuming that the
dissolved elements originated from the Fe oxides. These
bulk ratios were compared with the results obtained by
elemental analyses of individual particles (or clusters of
a few particles), using the EDX spectrometers attached
to the TEMs.

RESULTS AND DISCUSSION

X-ray diffraction

The XRD analysis revealed that lepidocrocite
(GN072: 90 wt.%, GN076: 30 wt.%, GN244: 85 wt.%,
respectively) and goethite are the main phases present;
Mn-siderite (GN072 and GN076 <4 wt.%) and some
clay were found as impurities (Figure 1) (Table 2). The
content of the phases was estimated based on simula-
tions of powder diffraction patterns for adequate
mixtures using the Rietveld program.

Sample GN076 from A2D has the smallest lepidocro-
cite crystallites (10+2 nm) and its unit-cell parameters
are: a = 1.253 nm+0.02; b = 0.3866 nm+0.007; and c =
0.3076 nm+0.009. In sample GN072, two profile func-
tions of different breadth were needed (Figure 1a,b,c) for a

Table 1. Codes, positions, core depths and stratigraphic zones of the samples.

No. Deep Core Positions Location Depth (m) Zone

GN072 A2D VA29-264 KS 21821.44N, 38804.032E SW Passage 9.77 DOP21

GN076 A2D VA29-264 KS 21821.44N, 38804.032E SW Passage 10.29 DOP21

GN244 TD VA29-728P 22847.55N, 37834.74E NE Basin 1.70 Fe facies

1 Detrital-oxidic pyritic Zone (Bäcker and Richter, 1973)
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good fit of peaks, indicating that two different crystallite
sizes are present in the sample: a major part with sizes
15 �20 nm (75 �80%) and a minor part of larger crystal-
lites 55 �60 nm (20 �25%). The unit-cell parameters of the
finer fraction in this sample are a = 1.2534+0.0004 nm;
b = 0.3871+0.001 nm; and c = 0.3070+0.001 nm. The
coarser fraction has similar unit-cell parameters (within
the uncertainty). The average calculated size of GN244
lepidocrocite is 55 �60 nm and its unit-cell parameters are:
a = 1.2526+0.002 nm; b = 0.3872+0.001 nm; and c =
0.3070+0.001 nm, i.e. similar to the other two samples.
Thus no indication of lattice substitutions was obtained
from the unit-cell parameters. None of the lepidocrocite
samples contains maghemite or hematite as found in
previous investigations.

Following the values of FWHM (full width at half
maximum) of different peaks, the size of the crystallites
in all samples in the [100] direction is smaller than any
perpendicular directions, whereas the dimensions in the
[010] and [001] directions are roughly equal. The ratio
of the [100] to [010] (or [001]) directions is 0.6+0.1 and
0.4+0.1 for the lepidocrocite in samples GN072 and
GN244, respectively.

Mössbauer spectroscopy

Lepidocrocite is paramagnetic at room temperature
and antiferromagnetic below the Neel temperature
(7 7 K ) ( C o r n e l l a n d S c h w e r t m a n n , 1 9 9 6 ) .
Accordingly, the spectra measured at 295 K are
dominated by quadrupole doublet spli tt ings of
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Figure 1. X-ray diffraction patterns of samples GN072, GN076 and GN244 with fitted (a) 200; (b) 210, and (c) 301 peaks from
GN072 (L: lepidocrocite, G: goethite, S: siderite, Si: added Si standard).
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0.55+0.02 mm s �1 and isomer shifts of 0.37+0.02 mm
s�1. In addition, a minor Fe2+ doublet with a quadrupole
splitting of 2.32 +0.02 mm s �1, an isomer shift of
1.06+0.02 mm s �1, and a relative area of 5% was found

in the spectrum of sample GN072. In the room-
temperature spectrum of sample GN076, both the
ferrous doublet (~10%) and the broadlined sextet due
to goethite were also detected.

GN076

Velocity (mm/s)

goethite

GN072

-14-12-10 -8 -6 -4 -2 0 2 4 6 8 10 12 14

lepidocrocite

GN244

Figure 2. Mössbauer spectra of samples GN244, GN072 and GN076 from Atlantis and Thetis Deeps, at 5 K. Experimental points and
fit are shown. The lepidocrocite in GN072 was fitted using two sextets.
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At 80 K, magnetic ordering takes place in part or all
of the sample, as evidenced by the appearance of a sextet
pattern in the spectra (not shown). The hyperfine
parameters of this sextet (magnetic hyperfine field of
48.4+0.3 T, quadrupole shift of �0.12+0.02 mm s�1,
and isomer shift of 0.47+0.02 mm s�1) show that they
are due to goethite in all samples.

At 5 K (Figure 2), the Fe2+ doublet in sample GN072
is not observed. This may be explained by magnetic
ordering of the component. However, due to its low
intensity, this component only reveals itself close to zero
velocity. Likewise, a major part of the Fe2+ doublet in
the room-temperature spectrum of sample GN076
disappears at 5 K. However, due to the presence of
clay minerals, parts of both the ferrous and the ferric
doublets remain paramagnetic at this temperature. In the
5 K spectrum of sample GN076 (Figure 2) a major part
of the Fe2+ component is very strongly overlapped by the
dominant ferric sextets due to lepidocrocite and goethite.
The Fe2+ component exhibiting magnetic order is
probably due to a Mn-siderite phase, as also indicated
by XRD (Table 2).

The spectrum of sample GN244 measured at 5 K
exhibits two clearly-resolved sextets (Figure 2). The
sextet having the highest hyperfine field is due to
goethite and will not be considered further here. The 5 K
spectrum of sample GN076 also revealed two clearly-
resolved sextets due to goethite and lepidocrocite. The
additional paramagnetic components in the spectra were
fitted using doublets. The spectrum of sample GN072 at
5 K is dominated by an asymmetric sextet and a sextet
pattern due to goethite can just be discerned. The
application of one sextet only for the asymmetric
component does not produce a very good fit, but suffices
to demonstrate that it is due to lepidocrocite.

A possible clue to the origin of the difference
between the samples was obtained by studying the
samples between 5 K and the ordering temperature (not
shown). A modest rise in temperature induced the
appearance of a very broadlined component in the
spectrum of sample GN072, whereas the spectrum of
sample GN244 remains symmetrical in shape.
Considering the polydispersity of this sample, as
shown by XRD, two sextets were introduced to fit the
lepidocrocite component in the Mössbauer spectrum.

This improved the fit considerably (Figure 2) as would
be expected from the arbitrary addition of more sextets.
In the present case, however, two independent findings
support the use of two sextets. The magnetic hyperfine
field of one of the sextets is reduced relative to pure
lepidocrocite (Table 3). The relative area of the two
sextets is close to unity, which is different from the ratio
of the two components as estimated from XRD. Because
the analyses of XRD data suggested that both popula-
tions of crystals were free of substitutions, it is
suggested that the observed reduction of the hyperfine
field is essentially due to small size effects only
(possibly combined with changes in anisotropy constant
as Si is absorbed (see below)). A size distribution may
also contribute to the high line-width found in sample
GN076, but because of the dominant goethite content, a
more detailed study is not possible.

Using the relative spectral area of the fits of the
spectra measured at 5 K, lepidocrocite comprises ~95%
(GN072), 32% (GN076) and 100% (GN244) of the Fe in
the samples, in reasonable agreement with the XRD
results. The hyperfine parameters at 5 K of the
lepidocrocite are compared in Table 3. It is concluded
that the lepidocrocites in the samples are markedly
different in properties, sample GN244 having the
characteristics of a more crystalline structure and
relatively large crystals, i.e. the magnetic hyperfine
field is higher and the lines are sharper.

The hyperfine field determined for sample GN244
(45.5T) is close to the maximum value reported in the
literature (45.8 T) (Cornell and Schwertmann, 1996),
indicating a high purity. On the other hand, samples
GN076 and GN072 (in particular) exhibit a range of
crystal sizes. Thus the differences in the spectra can be
explained on size-dependent effects and no substitution
in the structure was detected.

High-resolution transmission electron microscopy

Morphology. Two different morphologies were observed
in the GN072 sample: subhedral plates in the 15�120 nm
range (Figure 3a), and elongated crystals 4 nm wide and
up to 100 nm long. An angle of nearly 908 between
neighboring crystal faces was observed (Figure 3b). On
elongate crystals only the (010) faces were well devel-
oped. In sample GN076, subhedral elongate crystals

Table 3. Hyperfine parameters of lepidocrocite from Atlantis II (GN072, GN076) and Thetis
Deeps (GN244) at 5 K.

Sample Bhf (T) Isomer shift Quadrupole shift FWHM1

(mm/s) (mm/s) (mm/s)

GN072 one sextet 44.9+0.2 0.49+0.02 0.02+0.02 0.78+0.02
GN072 45.4+0.2 0.49+0.02 0.01+0.02 0.48+0.03
Two sextets 43.2+0.2 0.50+0.02 0.03+0.02 0.82+0.03
GN076 45.1+0.2 0.52+0.02 0.02+0.02 0.96+0.05
GN244 45.5+0.2 0.50+0.02 0.01+0.02 0.55+0.03

1 FWHM: Full width at half maximum of lines 1 and 6
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(>100 nm) (Figure 3c) and euhedral (50 nm) plates along
with goethite crystals were observed (Figure 3c,d).
Euhedral plates and acicular crystals were found in
sample GN244. The plates are up to 340 nm long and
140 nm wide, whereas the acicular crystals are longer
(500�600 nm) and are only a few nm wide (Figure 3e).
The (010) faces are well developed and the crystals
commonly terminate by well-developed (101) faces.

Some of the crystals in sample GN072 lie on the
[010] plane and exhibit lattice images of the 020 spacing
of 0.63 �0.67 nm (Figure 4a,b,c). In rod-shaped crystals

only 5 �6 layers were observed whereas ~40 unit layers
were counted in platy crystals. It appears that the
crystals are perfect with no noticeable defects. In other
particles, lattice images of [120] with spacing of
0.33 nm was observed as well.

In sample GN244, platy crystals of ~40 unit layers
are present with lattice images at a spacing of 0.62 nm,
corresponding to d(020) and other crystals with a grid
created by [020] fringes, with spacing at 0.619 nm and
[120] fringes with spacing of 0.329 nm forming an angle
of 1238 (Figure 4d,e).

Figure 3. (a) TEM showing platy and acicular crystals of lepidocrocite from sample GN072 (arrow points at the area of chemical
analysis). (b) TEM showing platy lepidocrocite from sample GN072 (arrow points at 908 between neighboring crystal faces).
(c) TEM showing platy and elongate crystals of lepidocrocite from sample GN076. (d) TEM showing euhedral platy crystals of
lepidocrocite from sample GN076 along with goethite. (e) TEM showing platy and acicular crystals of lepidocrocite from sample
GN244.
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The identification of lepidocrocite by HRTEM was
confirmed by electron diffraction in which the following
results were obtained for sample GN072: 0.328 nm,
0.272 nm, 0.208 nm and 0.142 nm for hkl 120, 011, 131
and 260, respectively (Figure 4b).

The Si/Fe mole ratios of individual crystals and of
clusters of crystals from samples GN244 and GN072 are
presented in Table 4. Silicon was the only foreign
element associated with the lepidocrocites. The Si/Fe
ratio in GN244 is close to the detection limit. In contrast,
the GN072 lepidocrocite has high average Si/Fe molar

ratio, in both rods and lath crystals: 0.12+0.03 and
0.11+0.03, respectively. Some variation in the molar
ratio is noticed but generally the values are within 50%
of the mean.

The results indicate that the presence of morpholo-
gies other than plates could be associated with the higher
Si/Fe ratio in sample GN072. The single-plate lepido-
crocite crystals in sample GN072 have on average, a
Si/Fe ratio ~3 times greater than the average plate in
sample GN244. As the crystalline size of sample GN072
is also smaller this could in part be explained by surface
complexation only.

Differential dissolution and chemical analyses

Most of the samples were dissolved by oxalate and
DCB and the results of elemental analyses of the extracts
are summarized in Table 5. The relative oxalate
dissolution reflects the content of other Fe-containing
phases, being less reactive than lepidocrocite. The Zn
and Cu concentrations in all samples are very low and
are not reported in the Table. This finding is contrary to
earlier studies (Scholten et al., 1991). Chemical analyses
of the extracts from various treatments and chemical
analyses performed directly on some crystals with EDX
consistently show that the only element associated with
Fe in the lepidocrocite is Si. The concentration of Si in
GN072 is significantly higher than in GN244. The Si/Fe
ratios obtained from EDX analyses are slightly higher as
compared to values obtained from analyses of the
extracts. The reason for this deviation is not known in
detail, but it is suggested that polymerization of the Si
(see below) may have an influence on the analysis of Si
by ICP.

Infrared spectroscopy

Absorbance and reflectance IR spectra are presented
in Figure 5 and Table 6. In the OH-stretching region, the
peak of the nOH B2u(y)OH vibrations (GN072 =
3142 cm �1 and GN244 = 3128 cm �1) lie between
3160 cm �1, which is attributed to plate morphology,
and 3060 cm �1, which is attributed to rod morphology of
lepidocrocite (Lewis and Farmer, 1986). This is in good
agreement with the occurrence of both morphologies as
observed by TEM. The band position shifts towards
higher wavenumbers in GN076 due to mixture with
goethite. In all samples, dOH B2u(y) in-plane bending at
1157�1168 cm �1 and dOH B3u(x) in-plane bending at
1020�1025 cm �1 were detected (Lewis and Farmer,
1986). The dOH B2u(y) in-plane bending and dOH B3u(x)

in-plane bending have narrower peaks in the absorbance
mode in sample GN244 indicating better crystallinity in
this sample.

The gOH bending out of plane was noticed in sample
GN072 and GN244 at 744 �5 cm �1. It was suggested
that increase in the nOH-stretching frequency and
decrease of gOH bending out-of-plane frequency corre-
late with weakening of the H bonds, due to loss of

Figure 4. (a) HRTEM showing platy lepidocrocite from sample
GN072. (b) Electron diffraction pattern of the particle.
(c) HRTEM showing platy lepidocrocite from sample GN244.
(d) Calculated (fast Fourier transformation) electron diffraction
of the part icle to the left. (e) Calculated (fast Fourier
transformation) electron diffraction of the particle to the right.
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crystallinity, caused by substitution of Fe by Al
(Schwertmann and Wolska, 1990). Such an effect was
not noticed in the present samples, in agreement with the
absence of Al in the samples.

The tO B2u(y) displacement of O2 �(525 cm �1) and
tO B1u(z) displacement of O2 � (474 cm �1) appear as
separate vibrations in sample GN244, whereas they
merge into a single, intensified band in sample GN072 at
474 cm �1 (Figure 5), indicating poorer crystallinity
(Lewis and Farmer, 1986). The relatively high content
of goethite in sample GN076 prevents this from being
observed.

Peak fitting of the IR spectra indicated that in addition
to lepidocrocite, two extra vibrations appear at
1049�1104 cm �1 and at 974�998 cm �1. It is suggested
that both peaks be attributed to Si �O-stretching vibra-
tions. The band at 974 �998 cm �1 is similar to the band
found in ferrihydrite that contains ~4% Si (Schwertmann
and Thalmann, 1976) and is attributed to a Si �O-
stretching vibration, which is influenced by the presence
of neighboring Fe ions, whereas the band at
1049�1104 cm �1 is probably due to a Si �O-stretching
vibration, which is less affected by Fe, and has values
close to those of silica gel (1080 cm �1) (Schwertmann
and Thalmann, 1976). Comparison between the absor-
bance and reflectance spectra can be used to differentiate
between adsorption and substitution. It appears that both
Si �O peak areas are significantly intensified in the
reflectance spectra. If Si �O forms a monolayer on the
lepidocrocite surface, the reflected 974 �998 cm �1 band

should be enhanced, because it is close to an Fe ion. If
more than one Si �O layer is adsorbed on the surface, then
the reflectance at 1049�1104 cm �1 should be enhanced.
The presence of a separate SiO2 phase is excluded
because it would have appeared in the absorbance spectra.
Therefore it is suggested that Si, which is adsorbed on the
surface, forms either more than one layer, or clusters of
Si �O. Two absorption bands due to goethite at 892 and
795 cm �1 (Cambier, 1986) are noticed in GN244 and
GN076. A vibration of Mn-siderite at 871 cm �1 was
noticed in samples GN076 and GN072.

Formation process

Bischoff (1969) suggested that precipitation of Fe3+

oxides occurs within the upper brine where dissolved
Fe2+ is oxidized by O2 diffusing from the overlying Red
Sea Deep Water and transforms later into goethite and
hematite. This model left lepidocrocite precipitation
unexplained. Lepidocrocite occurs in the A2D either in
the lowermost Detrital-Oxidic-Pyritic (DOP) Zone as
finely laminated sediments with goethite, or at the lower
part of the newly-formed amorphous-silicate (AM Zone)
as a thin, widespread, monomineralic layer. It has been
suggested (Schwertmann and Taylor, 1979), that lepido-
crocite forms from oxidation of Fe2+ and an increased
oxidation rate of Fe2+ favors lepidocrocite over goethite
crystallization (Cornell and Schwertmann, 1996).
Similar formation conditions might have occurred
during lepidocrocite crystallization in the DOP zone in
the A2D. The almost NaCl-saturated hot fluids, enriched

Table 4. The Si/Fe molar ratios of lepidocrocite from Atlantis II and Thetis Deeps from point analyses in analytical TEM.

GN072 GN244
Morphology Si/Fe Morphology Si/Fe Morphology Si/Fe

Cluster of rods 0.1109 Single plate 0.1036 Single plate 0.075
Few rods 0.1159 Single plate 0.1418 Single plate 0.037
Cluster of rods 0.1666 Single plate 0.0699 Single plate 0.061
Single rod 0.1500 Single plate 0.1472 Single plate 0.026
Single rod 0.0885 Single plate 0.0645 Single plate 0.005

Single plate 0.1039 Single particle 0
Plate between rods 0.1311 Single particle 0.026
Plate between rods 0.1085

Average rods 0.1264+0.03 Average plates 0.1088+0.03

Average all particles 0.1156+0.03 Average all particles 0.033+0.027

Table 5. Fe and Si/Fe ratios in oxalate and DCB extracts in samples from Atlantis II and Thetis Deeps.

Sample Si/Fe (molar) in % Dissolved as Si/Fe (molar) in % Dissolved
oxalate extracts FeOOH (oxalate) DCB extracts as FeOOH (DCB)

GN072 0.058 82 0.089 94
GN076 0.048 42 0.03 n.d.
GN244 0.011 100 0.012 n.d.

n.d.: not determined
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with Fe and Si, which originated from the interaction
with sediments (Dupré et al., 1988) and the basalt
underneath (Anschutz et al., 1995) discharged into the
Atlantis II Deep, creating only local pools (Shanks and
Bischoff, 1980). Since Fe2+ is common in the DOP Zone
in A2D in the form of pyrite or Mn-siderite, it might
have dissolved and served as a precursor for lepidocro-
cite formation. A relatively rapid mixing of these fluids
with oxidized Red Sea Deep Water led to lepidocrocite
crystallization.

In TD, the almost mono-mineralic lepidocrocite was
found in Fe-facies in the upper part of the sediments.
This widespread lepidocrocite crystallized during rapid
Fe2+ oxidizing conditions, while hot brines filled the
deep and a wide mixing layer was probably formed. A
large amount of dissolved oxygen was probably intro-
duced into the upper part of the brine by oxidized dense
brine initially formed in the northern part of the Red Sea.
The abrupt down welling of the oxidized water was
followed by rapid precipitation of lepidocrocite in TD.

Figure 5. (a) FTIR absorbance spectra of GN072 (400�590 cm range in the inset section). (b) FTIR absorbance spectra of GN244
(400 �590 cm �1 range in the inset section). (c) FTIR reflectance spectra of GN072. (d) FTIR reflectance spectra of GN244.

Table 6. Peak positions and area from IR spectra (absorbance and DRIFT).

Sample dOH Area2 Width Si �O1 Area2 dOH Area2 Width Si �O �Fe1 Area2 Sum
B2u

1 B2u
1 area2

GN072 absorbance 1157 16 90 1049 34 1020 27 35 974 29 106
reflectance 1168 14 67 1054 63 1023 18 39 974 13 108

GN0763 absorbance 1162 1 46 1051 21 1021 20 53 999 30 72
GN244 absorbance 1158 6 68 1104 2 1023 10 17 998 5 23

reflectance 1167 23 104 1091 10 1025 14 23 983 6 53

1 wavenumber measured in cm �1

2 area measured in arbitrary units
3 This sample contains more goethite than lepidocrocite
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The size and morphology of the lepidocrocite is
possibly related to Si concentration within the brine.
Karim and Newman (1986) noticed that soil lepidocro-
cite precipitation was hindered at elevated Si concentra-
tion. Similar effects were noticed in the crystallization of
lepidocrocite from solutions with varying Si/Fe ratios
(Schwertmann and Thalmann, 1976).

It is suggested that high Si concentrations might have
hindered crystal growth and led to smaller and less
crystalline lepidocrocite in the A2D, whereas lower
initial Si concentrations in the TD led to larger and more
crystalline lepidocrocite. Bimodal distribution of crystal
size in GN072 can be explained by a short-term reduced
Si concentration in the discharging fluids leading to
crystallization of larger crystals. Such fluctuations in
hydrothermal activity, which have been common during
the last few decades (Hartmann et al., 1998a,b),
probably happened also during the precipitation of
DOP zone. Different settling velocities related to
crystalline size might have created bimodal distribution
of crystal size in the sediments (GN072).

Taylor (1984) suggested that an elevated [Cl]/[Fe]
ratio in the initial solution was found to influence the
oxidation rate during lepidocrocite formation and
increasing [Cl] initially induced a greater degree of
lepidocrocite crystallinity. Precipitation of lepidocrocite
in both deeps probably occurred in the mixing zone
between the Red Sea Deep Water and the underlying
condensed, hydrothermal brine. In both deeps, the
confining environments, during lepidocrocite precipita-
tion, were almost pure NaCl solutions and the initial
[Cl]/[Fe] ratios were at least 100 fold greater than the
experimental conditions described by Taylor (1984).
Combining these data with Si restriction of crystal
growth, we can assume that in TD, Si restriction of
crystal growth was less effective and the high crystal-
linity was achieved due to an elevated [Cl]/[Fe] ratio
contrary to the A2D, where [Si] concentration was
greater, restriction of crystal growth was more effective,
leading to lower crystallinity of the GN072 and GN076
samples.

CONCLUSIONS

Lepidocrocite from Red Sea hydrothermal deposits
appears in the form of small subhedral to euhedral
crystals ranging in size from 46100 nm in the A2D, up
to 3406140 nm in the TD. Two forms of crystals were
observed: plates and elongate rods. Although the
samples were crystallized in hydrothermal brines which
are enriched in Pb, Cu, Mn and Zn (Craig, 1969) with
respect to seawater, it appears that only Si is associated
with Fe in the lepidocrocite. The Si/Fe (molar) ratio
reaches 0.11 in the A2D samples and does not appear to
affect the perfect lattice image fringe along [010]. The
TEM demonstrates different morphologies of the crys-
tals. X-ray diffraction, Mössbauer spectroscopy and IR

spectra indicate that the A2D lepidocrocite is less
crystalline than the TD lepidocrocite, which has a
distinctly lower Si/Fe molar ratio (0.03). It appears
that Si is not incorporated into the crystal but adsorbed
on the surface mostly as monomers but also forming
polymers.

The formation of A2D lepidocrocite is probably due
to rapid oxidation of Fe2+ in Si-rich brine, whereas the
TD lepidocrocite crystallized from Si-poor brine.
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