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SULLIVAN, L.A. and KOPPI, T.J., 1998. Iron staining of quartz beach sand in southeastern Australia. Journal of
Coastal Research, 14(3),992-999. Royal Palm Beach (Florida), ISSN 0749-0208.
Although iron stains are a commonly described feature of marine sand grains, the micromorphology and mineralogy
of these features has not been determined previously. Light microscopy, scanning electron microscopy and X-ray
diffractometry were used in this study to examine the grain surface features responsible for the iron staining of
quartzitic beach sand along the coastline of southeastern Australia. These iron stains consist of iron oxide enriched
phyllosilicate clay coatings. Iron oxides coating directly onto the quartz grains were not observed indicating that the
phyllosilicate clay coatings are a co-requisite for iron staining. The main iron oxide mineral present in these features
was goethite with minor amounts of hematite. The phyllosilicate clays in these coatings are kaolinite and illite. These
platy clays are embedded into the quartz sand and are usually oriented with their flat surfaces perpendicular to that
of the grain surface.
ADDITIONAL INDEX WORDS:

Scanning electron microscopy, electron microprobe. beach sand, iron staining, x-ray

diffraction, clay mineralogy.

INTRODUCTION
Deposits of marine sand are found in many coastal environments. This is particularly the case along southeastern
Australia where sand beaches comprise a major portion of the
coastal environment and marine sand deposits constitute
most of the near-shore zone above a depth of 50 metres
(CHAPMAN et al., 1982). The beach sand of coastal environments often contains significant amounts of colored quartz
grains (dominantly stained amber/red, but also black and
brown) that cumulatively give the beaches in southeastern
Australia their characteristic golden color. The color of individual quartz sand grains is mainly due to the presence of
thin coatings that appear either as faint colorations over
grain surfaces or are located within pits and depressions on
the surfaces of the quartz sand grains (THOMPSON and BowMAN, 1984; THOMPSON, 1992).
Amber/red coatings on quartz grains are usually referred
to as either 'iron staining' (EMERY, 1965; KULME and BYRNE,
1966; JUDD et al., 1970; SWIFT and BOEHMER, 1972; COMBELLICK and OSBORNE, 1977; Roy and CRAWFORD, 1977;
DAVIES and HUDSON, 1987; FRIHEY and STANLEY, 1987;
STANLEY and CHEN, 1991; PYE and MAZZULO, 1994) or as
'sesquioxide coatings' te.g. THOMPSON and BOWMAN, 1984;
THOMPSON, 1992.
Iron stains on quartz beach sand are of interest for several
reasons:
96150 received 10 December 1996; accepted in revision 26 November
1997.

(1) the relative abundance of iron stained marine quartz
sand grains has been used to determine the provenance of
sediments (e.g. JUDD et al., 1970; COMBELLICK and OsBORNE, 1977; DAVIES and HUDSON, 1987; STANLEY and
CHEN, 1991),
(2) these iron stains are an important part of the parent
material of much coastal soil (THOMPSON and BOWMAN,
1984; THOMPSON, 1992), and,
(3) iron stains have been used to provide information on
the environments in which red bed formation takes place
(GARDNER and PYE, 1981).
The suspected composition of iron stains on marine or
beach sand includes: iron hydroxides (EISMA et al., 1966), ferric hydroxide (GARDNER and FYE, 1981; DAVIES and HUDSON, 1987) and ferric hydrate (PYE, 1983); iron oxides
(NORDSTROM and MARGOLIS, 1972 (usually referred to more
specifically as hematite (WALKER, 1967; JUDD et al., 1970));
oxides of aluminum and iron (THOMPSON and BOWMAN,
1984; THOMPSON, 1992). It is perhaps surprising given the
common use and description of these features that evidence
to support the above assertions on the composition of iron
stains is lacking.
Determination of the mineralogy and micromorphology of
these features is important for several reasons. For example,
when iron stains are used to determine the provenance of
sediments then the mineralogy and micromorphology of these
features should be consistent from proposed source to the sediment deposit. Discontinuities in either mineralogy or micromorphology from source to deposit may invalidate the use of
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Figure 1. Map of southeastern Australia showing the location of the beaches sampled.

iron staining percentages for this purpose . Furthermore, a
detailed knowledge of the mineralogy of the parent material
is required to understand soil formation and in the quartzitic
sand deposits along the eastern Australian coastline, iron
stains are a particularly important component of the parent
material (THOMPSON, 1992).
There does not appear to have been any studies published
on the submicromorphology and mineralogy of the iron stains
imparting the amber/red color to sand of marine origin, despite their importance. The aim of this study was to determine the submicromorphology and mineralogy of the iron
stains on beach sand along southeastern Australia .

SAMPUNG STRATEGY AND ANALYTICAL

METHODS
Beach sand was sampled from the eight beaches <Rainbow
Beach, Sunshine Beach, Greenmount Beach, Watego Beach,
Black Rock Beach, Valla Beach, Boomerang Beach, and
North Avoca Beach) along the southeastern coastline of Australia shown in Figure 1. Ten samples of approximately 500
g were obtained to 0.1 m depth at distances of 10 metres
apart along the mid-swash point of each beach and bulked to
give a representative sample of 5 kg. Sub-samples of this
beach sand were then washed free of salts and any free clay
and silt materials by repeated washing with distilled water
and decantation and then air-dried. From each sample , approximately 500 grains were counted and the percentage of
iron stained quartz, unstained quartz, carbonate, and other

sand grains determined. A grain with any visible staining
was counted as stained. The proportion of stained quartz
sand grains with a color yellower than 5YR and the bulk color
of the sand samples before and after treatment with a citratebicarbonate-dithionite (CBD) procedure (MEHRA and JACKSON, 1960) were both determined using a Munsell soil color
chart (MUNSELL SOIL COLOR CHARTS, 1990). Particle size
analysis of each sample was undertaken using a sieve method
(LEWIS and MCCONCHIE, 1994).
Fifty iron stained grains from each beach sand sample were
carefully selected and sprinkled onto a 1.2 em diameter aluminum scanning electron microscope stub that was covered
with a thin smear of polyvinyl acetate glue. After the glue
had dried the partially embedded sand grains were then examined in a binocular microscope and reflected light photomicrographs taken to record the positions of the iron stains
on each of the sand grains (n .b. this step was necessary to
ensure that iron stains could be precisely located on any sand
grain when examined in the scanning electron microscope
(SEM)) .
The sand grains were then coated with 20 nm of carbon.
At least twenty iron stains from each sample were examined
in a Philips 505 SEM equipped with an EDAX energy dispersive x-ray analyser (EmCRA). The EmCRA was use to verify that the sand grains examined were quartz and to determine qualitative elemental compositions of the iron stains.
The iron stains on the sand grains were partially removed
from the sand grains by treatment for 40 mins in an ultra-
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CRAWFORD (1977). The richness of iron staining of the marine sand in the North Avoca Beach region was attributed by
.Roy and Crawford to the absence of coastal sand barriers in
this region and a consequent absence of reworked coastal
sand. In comparison, the marine sand to the north of the
region containing North Avoca Beach, is considered to have
been worked and reworked in both marin e and terrestrial
en vironments as it dr ifted northwards up the NSW coastl ine
(Ro Y and THOM, 1981). During periods in which this marine
sand was laid down as dune deposits the iron sta ined sand
was subjected to soil weathering processes resulting in the
removal of the iron stains (THOMPSON, 1992). When these
dune deposits were reworked back into the marine environment the input of clean quartz sand has had the effect of
lowering the proportion of iron stained quartz in the marine
sand .

Color

Figure 2. Sub rounded iron sta ined quartz sand grains on an alum inum
stub. The iron stain s are present either as a tinge over the grain (A) or
located in a crevice on the sand grains (B). The Munsell color of the iron
stain in (A) is 10YR6/8. whereas for (B) it is 2.5YR4/8. The scale bar is
0.1 mm long. Natural light.

sound bath. The clay and silt fractions thus released were
separated from the sand by decantation and air-dried. The
carbonates present in the North Avoca powdered sample
were removed by the pH 5 buffered sodium acetate procedure
of GROSSMAN and MILLET (1961). The ultrasonically-derived
powders were then examined in a Philips PW1820IPW1830
x-ray diffractometer (XRD), using a copper x-ray source, before and after removal of iron oxides by the CBD procedure.

RESULTS AND DISCUSSION

The bulk colors of the beach sand samples were all similar
in hue , value and chroma excepting that the North Avoca
sample had a much stronger chroma than the other samples
(Table 1). The stronger chroma in the North Avoca sample
was due to both the higher proportion of iron stained quartz
grains in this sample (72% cf. a mean of 35% for the other
samples) and the higher proportion of carbonate grains
(which were mainly brown to orange shell fragments) in this
sample (12.3% cf. a mean of 1.1% for the other samples).
When viewed under a binocular microscope the Munsell
color of the individual iron stains on sand grains varied from
yellow (2.5Y7/8) to dark red (lOR3/6), with brownish yellow
(lOYR6/8) being the most common color. As in previous studies ie.g. THOMPSON and BOWMAN, 1984; THOMPSON, 1992)
the iron stains were either present as tinges over the grains
(e.g. area indicated by arrow A in Figure 2) or located in niches or crevices on the sand grains (e.g. area indicated by arrow
B in Figure 2). Some quartz sand grains were almost completely covered by iron stains.

Sand Grain Morphology and Composition

SEM Micromorphology

The sand grains from all samples were mainly rounded to
subrounded (e.g. Figures 2, 3A). The particle size distributions are similar for each of the samples, being well sorted
with a range of mean particle sizes of between 1.59 and 2.06
phi units. These characteristics are typical of the beach sand
of these regions (RoY and THOM, 1981; THOMPSON, 1992).
The sand from beaches other than North Avoca were similar in most of the selected characteristics given in Table 1.
However, at Watego Beach there was a higher proportion of
sand that was not either quartz or carbonate. This could indicate a significant localised contribution of lithic sand to this
beach by cliff erosion from the adjacent Cape Byron headland
(composed of greywacke dominantly) and subsequent downdrift as proposed by CHAPMAN et al . (1982).
The North Avoca beach sand had much high er proportions
of carbonate, iron stained quartz, and iron stained quartz after CBD treatment than the other beach sands (Table 1). A
similar pattern of iron stained quartz sand distribution along
the New South Wales north coast was found by Roy and

When viewed in the SEM at high magnifications (Figures
3A-F), the iron stains in all of the samples consisted of platy
clay particles that were usually oriented with their flat surfaces essentially perpendicular to that of the sand grain. This
was the case regardless of whether the iron stains were located in niches or crevices (e.g . Figures 3A-C) or whether the
iron stains were distributed more extensively over the sand
gr ain surfaces (e.g . Figures 3D-F). Despite this clay particle
orientation, the outermost surfaces of these coatings were
usually very flat . A minor proportion of the iron stains were
composed of clay coatings with rougher external surfaces
(Figures 4A, B). Occasionally some iron stains consisted of
clay particles that were not oriented perpendicular to that of
the sand grain (Figu re 4B).
It was eviden t that the clay particles comprising the coatings were usually embedded into the quartz grains: when located in relatively exposed grain surface niches these features were often associated with nearby pits resulting from
th e removal of clay particles from the sand grain surface.
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Figure 3. SEM images of iron sta ined quartz sa nd grains. (A) Su brounded sa nd grain with an iron sla in forming a rim around a protrusion (a rrowed).
(B), (C) Detail of (A) show ing that t his iron slain (a rrow in (B)) is a thin coating of platy clay particles oriented with their flat s urfaces essentially
perpendicu la r to that of the sand grain . (OJ A sand grain with a n extensive iron sta ined surface between protrusions. (E), (F) Deta il of (0) showing that
thi s iron sta in (a rrow in E) is-li ke the iron s ta in in (A- C)- a thin flat-surfaced coating of platy clay particles oriented with th eir flat surfaces essentially
per pend icula r to tha t of the sa nd grain. The scale bar is 100 fLm in (A), 10 u.m in (B), (0 ) and (E), and 1 u rn in (C) and (F).

Tab le 1. Selected properties of the beach. sand.
Proportion of
Iron Stained
Quart z

Iron Stained
Quartz after

Grai ns

Beach

Bulk Color

Mean Phi

[ron Staine d
Quartz (%)

North Avoca
Boomerang
Valla
Black Rock
Watego
Gre enmount
Sun shine
Rainbow

lOYR6/6

1.59
1.65
1.72
2.03
2.06
1.76
1.64
1.95

72.0
32.6
40.4
353
29.0
21.5
46.3
41.9

2.5Y8 /4
25Y7/4
2.5Y7/3
IOYR7 /3

10YR7/3
10YR7/4
IOYR7 /4

Unstained
Quartz (% )

Carbonate

Other

(%J

(%)

Yellower
than 5YR (%)

1.1.2
62.1
55.8
61.5
59.2
75.0
49.4
55.2

12.3
1.5
1.8
0.7
1.6
0.9
1.1
00

4.5
3.9
2.1
2.6
10.3
2.7
3.1
29

95.2
86.1
88.8
906
91.0
89.3
79.3
84.5

Bulk Color after
CBD Treatm ent
lOYR7/3
2.5Y 8/2
2.5Y8/3
2.5Y8 /2
10YR8/2

10YRB/3
I OYR 8/2

10YR812

CSD
Treatment
(%)

37.4
8.5
13.5
5.5
6.4
11.6
5.8
8.4

'The colors given are Mun sell colors. The bu lk color is the overa ll color of th e sa nd samp le and CBD treatment refers to treatment with citrate-bicarbonatedithio nate
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Figure 4. S 8 M images of iron stained quartz sand gr ains. (A). (B) Rough surfaced iron stains cons ist ing of platy clay particles . In (B) the clay particles
are oriented with th eir flat sur faces inclined a cut ely to that of th e sa nd grain. (C) Pitting formed by the com plete removal of embedded platy clay particles.
( 0) Iron stain on a qu a rtz sand from the mid-reache s of the Hunter River whi ch discharges 70 km north of North Avoca Beach . (E ) Iron stain on qu artz
sand stone a dja cent North Avoca Beach . The scale ba r is 1 urn in (A), (B) and (E). a nd 10 !'om in (C) and (0).

Such removal could be either total (e.g . pits in Figure 4C) or
partial.
No micromorphological distinctions between the iron stains
with chroma yeIlowe r than 5YR and those with chroma 5YR
or redder were evident by SEM and EDXRA analysis.
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Figu re 5. Typi cal EDXRA s pect ru m from a n iron stain on qu artz bea ch
sand .

The elemental compositions of the iron stains were similar
in all samples: a typical EDXRA analysis is sh own in Figure
5. The silicon/aluminum peak height ratios of the EmmA
analyses of all iron stains examined varied from 1.07 to 1.74,
whereas the potassium/aluminum peak height ratios varied
from 0.04 to 0.50 , and the iron/aluminum peak height ratios
varied from virtually 0 to 0.44 .
There were no instances where an iron s tain on a quartz
gra in consisted solely of iron oxide. No distinctions between
the elemental compositions of the iron s ta ins with chroma
yeIlower than 5YR and those with chroma 5YR or redder
were evident using EmCRA analysis.
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Figure 6. X-ray diffraction spectra for random powders of ultrasonically-derived silt and clay powder~ of the N~rth Av~ca beach sa~d .aft:r removal of
carbonates by a pH 5 buffered sodium acetate solution both (A) before, and (B) after removal of iron oxides by a citrate-bicarbonate-dl~hlOnlte procedure.
Quartz (Q), kaolinite (K), illite 0) and goethite (G) peaks are present in spectrum (A) whereas spectrum (B) shows that the goethite was completely
removed by the citrate-bicarbonate-dithionite procedure.

Mineralogy of Ultrasonically-Derived Powders
X-ray diffractograms indicate that quartz, kaolinite and illite were present in all of the ultrasonically-derived powders
ie.g. Figure 6): quartz dominated and was presumably abraded from the quartz sand grains.
Although the XRD lines of the iron oxides were not strong,
the presence of goethite was indicated in the differential xray diffractograms of the North Avoca, Boomerang, Valla,
Watego, Black Rock, Greenmount and Sunshine ultrasonically-derived powders. For all of these samples there was an
XRD line near 0.270 nm indicating the presence of hematite
and/or goethite (SCHWERTMANN and TAYLOR, 1989), as well
as the 040 XRD line of goethite at 0.250 nm. In the North
Avoca, Watego, Greenmount and Sunshine samples the 140
XRD line of goethite at 0.220 nm was also present. In the
North Avoca sample the 221 XRD line of goethite at 0.172
nm was also present. The presence of hematite in the Boomerang and Black Rock samples was also indicated in the
differential x-ray diffractograms of these samples with both
the 110 and 113 XRD lines of hematite (at 0.252 nm and
0.221 nm, respectively) being present.
In the Rainbow sample there was an XRD line near 0.270
nm in the differential x-ray diffractogram which indicates the
presence of hematite and/or goethite (SCHWERTMANN and
TAYLOR, 1989). However for this sample, other XRD lines
diagnostic of either hematite or goethite were not discernible.

Mineralogy of the Iron Stains
A large majority (i.e. 88~) on average) of the iron stains in
all samples had hues yellower than Munsell 5YR (Table 1).

Munsell hues between 7.5YR and 2.5Y are typical of sediments with only goethite present (SCHWERTMANN and TAYLOR, 1989). Both the XRD data of the ultrasonically-derived
powders and the color of these features indicate that the coloration of most of the iron stains on these quartz grains is
due to goethite.
A much smaller percentage (i.e. 12% on average) of the iron
stains had Munsell hues 5YR or redder. As Munsell hues redder than 5YR in sediments signify the presence of hematite
(SCHWERTMANN, 1985; SCHWERTMANN and TAYLOR, 1989),
hematite is most probably responsible for the red coloration
of these grain coatings even though XRD lines characteristic
for hematite were only detected in the differential x-ray diffractograms of the ultrasonically-derived powders from the
Black Rock and Boomerang Beach samples. Thus, in contrast
with the previously suspected composition of these features,
the results indicate that goethite is the iron mineral mainly
responsible for the coloration of iron-stained beach sand from
southeastern Australia, with only minor contributions from
hematite.
The EDXRA analyses of the iron stains support the results
of the XRD analyses. The silicon and aluminum in the
EDXRA spectra of iron stains is consistent with a large illite
and kaolinite component, the detected potassium is consistent with illite, and the iron is consistent with the presence
of goethite and hematite in these features. The variations in
silicon/aluminum and potassium/aluminum peak height ratios observed in the qualitative EDXRA analyses most likely
reflect variations in the illite concentration relative to that of
kaolinite within these features. The variations in the iron/
aluminum peak height ratios indicate the degree of iron min-
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eral impregnation within the phyllosilicate clays comprising
the bulk of these colored grain surface features.
These results demonstrate that the iron stains in all samples were composed of a closely-associated mixture of phyllosilicate clays (both illite and kaolinite) and iron oxides
(mainly, goethite but also with some hematite), rather than
consisting solely of iron hydroxides or oxides, or oxides of aluminum and iron as has been previously speculated. Thus, in
contrast with prior studies which have either implied or stated that the iron pigments directly precipitated onto the
quartz surfaces (e.g. SWIFT and BOEHMER, 1972; DAVIES and
HUDSON, 1987), the results of this study indicate that the
presence of a phyllosilicate clay coating is a co-requisite for
iron staining of quartz beach sand of southeastern Australia.
The majority of the iron stains were removed by the CBD
procedure (Table 1) indicating that the majority of the goethite and hematite in these iron oxide/phyllosilicate clay association were not sequestered and hence that these stains
have not been exposed to strongly reducing conditions in marine environments prior to deposition on the beach.

Some Implications of These Results
The distinctive mineralogy and morphology of the iron
stains on these marine sand deposits promises to allow elucidation of the provenance of these features. For example,
preliminary examinations of the iron stains on quartz river
sand (e.g. Figure 4D), and sand grains extracted from both
the soils and the sandstone (e.g. Figure 4E) in the hinterlands
adjacent the coastline of the study area indicate that they
have a similar mineralogy and micromorphology to those
found on the beach sand. If the results of detailed studies
currently in progress consistently show that quartz sand from
rivers and soils in the hinterlands have these distinctive iron
stains then it would indicate that iron staining of the marine
sand along the southeastern coastline of Australia is a relict
characteristic of terrestrial origin and not, as is currently
thought, the result of either subaerial weathering of sediment
exposed on the continental shelf during periods of lowered
sea level (Roy and CRAWFORD, 1977), or of a subaqueous
staining mechanism (Roy, 1983).
The results also suggest that the interaction of ionic species
te.g, heavy metals and phosphate) with these marine sand
deposits will be different to that which would be the case if
the iron stains consisted of solely of hematite precipitated
directly onto silica as has been previously thought. For example, the chemical behaviour of the iron stains should be
largely determined by goethite rather.. than hematite. The differences in heavy metal adsorption behaviour exhibited by
goethite and hematite (MCKENZIE, 1980) would be especially
relevant to the mobility of heavy metals such as Pb, Cu and
Ni in these environments. In addition, both of the phyllosilicates comprising the bulk of these features are chemically
active (e.g. kaolinite is known for its reactivity with phosphate ions (DIXON, 1989» and it would be expected that the
chemical behaviour of the marine sand bodies in the study
area would also be affected by these phyllosilicate components.

CONCLUSIONS
There are two main conclusions from this study.
(1) The main pigment in the iron stains on quartzitic beach
sand grains along the coastline of southeastern Australia is
goethite with only minor inputs from hematite.
(2) The iron pigments staining this quartz beach sand are
only found in close association with phyllosilicate clay coatings composed of a mixture of kaolinite and illite embedded
into the quartz.
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