
 

    
    

      
     

        
      

       
        

     
      

        
      

      
     

       
       

    
     

     
        
       

        
        

        
       

         
       

         
       
        
          

      
         
       

        

       
  

      
         
      

 
        

 

             
              

              
                

                   
               

                  
               

               
    

  
       

     

        
      

     
      

         
       

     

Hematite specimens that frequently display 
iridescence are described as “rainbow 
hematite” and “turgite” (figure 1). The latter 

term originated with the German mineralogist 
Rudolph Hermann, who coined it in 1844 to describe 
iron hydroxide specimens found near the Turginsk 
River in the Ural Mountains (Hermann, 1844). “Tur-
gite” was discredited as a distinct mineral name in 
the 1920s, however, based on thermogravimetric 
(Posnjak and Merwin, 1919) and X-ray diffraction 
(Böhm, 1928; Palache et al., 1944) studies that iden-
tified such specimens as mixtures of microcrystalline 
hematite (Fe2O3) and either goethite (FeOOH) or 
amorphous Fe hydroxide. Nevertheless, “turgite” has 
been retained by the mineral collecting and gem 
community as a catch-all term for naturally irides-
cent iron (hydr)oxide minerals. 

Mineral dealer Rock Currier (1940–2015) was 
largely responsible for introducing rainbow hematite 
to the U.S. market. According to notes he published 
on Mindat.org, Currier first visited an outcrop of 
what he called “color rock” from the Andrade mine 
in João Monlevade, Minas Gerais, Brazil, in 1991 (fig-
ure 2; Currier, 2012). Shortly after, he shipped a 
truckload of 55-gallon barrels filled with an esti-

mated 15 tons of the material to the United States. 
Initially he attempted to sell the rainbow hematite 
“by the barrel for $3 per pound without very much 
luck.” At a subsequent Tucson Gem and Mineral 
Show, however, he “arrived to find some guy had 
rented a big billboard and was selling the stuff as the 
latest and greatest metaphysical jewelry item. One 
guy was backing little pieces of the stuff with obsid-
ian and selling earrings…for $90 a pair.” Fortunately, 
Currier had kept enough of the rainbow hematite to 

select higher-grade samples, and he saw brisk sales 
of individual pieces. 

Bulk samples of this Brazilian rainbow hematite 
are still sold at major mineral and gem shows, but 
our discussions with dealers indicate a growing 

IRIDESCENCE IN METAMORPHIC 
“RAINBOW” HEMATITE 
Xiayang Lin, Peter J. Heaney, and Jeffrey E. Post 

FEATURE AR ICLES 

The authors investigated “rainbow” hematite from Minas Gerais, Brazil, using electron microscopy, atomic force 
microscopy, and synchrotron X-ray diffraction to determine the cause of its intense wide-angle iridescence. The 
study revealed that the interference is produced by a highly periodic microstructure consisting of spindle-shaped 
hematite nanocrystals containing minor Al and P impurities. The nanorods are 200–300 nm in length and 50– 
60 nm in width. They are arranged in three orientations at 120º angles with respect to each other and stacked 
layer by layer to form the bulk crystal. The distances between adjacent parallel spindle-shaped particles within 
the same layer fall in the range of 280–400 nm, generating a diffraction grating for visible light. The organized 
substructure is apparent on all freshly fractured surfaces, suggesting that it represents more than an exterior 
surface coating. The authors propose that this periodic substructure results from arrested crystal growth by the 
oriented aggregation of hematite nanorods. 

In Brief 
• Iridescent hematite schists from Brazil were ana-

lyzed by high-resolution imaging and spectroscopy 
techniques. 

• Rainbow colors arise from the interference of light 
waves reflecting off arrays of spindle-shaped hematite 
nanocrystals. 

• These nanocrystals assembled through “oriented 
aggregation” as controlled by hematite’s threefold 
symmetry. 

See end of article for About the Authors and Acknowledgments. 
GEMS & GEMOLOGY, Vol. 54, No. 1, pp. 28–39, 
http://dx.doi.org/10.5741/GEMS.54.1.28 
© 2018 Gemological Institute of America 

28       IRIDESCENT HEMATITE FROM BRAZIL                                                    GEMS & GEMOLOGY                                                         SPRING 2018 

http://dx.doi.org/10.5741/GEMS.54.1.28
https://Mindat.org


      
         

      
       
        

       
        
      

      
        

      
      

        
     

       
      

      
       

         
      

     
      

        
        

       

        
        

        

                
  

        
       
    

Figure 1. Rainbow hematite from the Andrade mine in João Monlevade, Minas Gerais, Brazil. Photo © 
Rock Currier, Mindat.org. 

scarcity. Currier attempted to purchase more mate-
rial from the mine, but apparently the major seam of 
rainbow hematite at Andrade underlies the primary 
mine haul road, and excavation would have destabi-
lized this conduit to the open pit. Nevertheless, ex-
quisite pieces of rainbow hematite jewelry are still 
sold online, with accent stones such as amethyst, ap-
atite, sapphire, tourmaline, and tsavorite (figure 3). 
Moreover, rainbow hematite plays an important role 
in the local culture. Villages neighboring the city of 
Belo Horizonte traditionally sprinkle the streets with 
truckloads of powdered material for festivals, creat-
ing an effect that Currier (2012) likened to “standing 
in a pile of peacock feathers.” 

To our knowledge, Ma and Rossman (2003a,b) have 
performed the only scientific investigation into the 
cause of iridescence in rainbow hematite, analyzing 
specimens from Brazil, Mexico, Italy, and several sites 
in the United States. Their results are also briefly high-
lighted in Nadin (2007). Using field-emission scanning 
electron microscopy (FESEM), Ma and Rossman 
(2003b) reported that their rainbow hematite speci-
mens were coated with a “thin film” of rod-shaped 
nanocrystals, each measuring 5 to 35 nm in thickness 
and hundreds of nm in length. These nanocrystals 

were oriented in three directions, at 120º angles with 
respect to each other, and formed a grid-like network. 

Figure 2. Rock Currier (left) and colleague survey a 
seam of rainbow hematite at the Andrade mine. 
Photo © Rock Currier, Mindat.org. 
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Figure 3. Left: An 18K gold pendant featuring rainbow 
hematite from Minas Gerais, Brazil, accented with 
amethyst and apatite. Right: Rainbow Rapture ring in 
18K gold with tourmaline, sapphire, and tsavorite. 
Designs by Judith Anderson. Photos by The Jewelry 
Experts, Bijoux Extraordinaire, Ltd. 
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The nanocrystals were too small to determine precise 
chemical compositions, but energy-dispersive spec-
troscopy (EDS) revealed high concentrations of Al and 
P in a ratio that varied from 2.2 to 3.8. Ma and Ross-
man (2003b) noted that “the minute crystals have 
failed to produce either an X-ray powder diffraction 
pattern, an electron back-scatter diffraction pattern, 
or a Raman spectrum.” The study interpreted the rod-
like nanocrystals as a new mineral, but a full charac-
terization was not possible with the resolution of the 
instrumentation. 

Over the 15 years since these results were pub-
lished online, more sophisticated analytical tech-
niques have become available. For the present study, 
we sought to determine whether iridescence in rain-
bow hematite arises from thin-film effects involving 
Al phosphate phases, as earlier researchers hypothe-
sized, or whether a different mechanism is involved. 
Rainbow effects in minerals are commonly attributed 
to nanoscale coatings, as in bornite (Buckley and 
Woods, 1983; Vaughan et al., 1987) and fire obsidian 
(Ma et al., 2001, 2007). Yet many gem materials (e.g., 
opal, labradorite, iris agate, and iris quartz) contain 
modular substructures that create a diffraction grating 
for visible light and generate rainbow effects (Darragh 
et al., 1966; Miura and Tomisako, 1978; Heaney and 
Davis, 1995; Lin and Heaney, 2017). These substruc-
tures often yield insights into exotic crystal growth 
processes that can inspire pathways for the self-assem-
bly of synthetic materials. For the present investiga-
tion, we examined rainbow hematite from the 

Andrade mine using a combination of light optical mi-
croscopy, X-ray diffraction (XRD) and Rietveld analy-
sis, FESEM, and atomic force microscopy (AFM). 

MATERIALS AND METHODS 
Specimen Description. We purchased the iridescent 
hematite samples used in this study at the 2014 Tuc-
son Gem and Mineral Show from Cinderhill Gems 
(Meadow Vista, California), who traced the material 
to Rock Currier’s bulk shipment from Brazil in the 
1990s. The specimens we studied appeared identical 
in macroscopic physical character to those described 
by Currier (2012). As noted below, the microstruc-
tures matched the descriptions for Andrade hematite 
in Rosière et al. (2001) and Ma and Rossman (2003b). 
Thus, we concluded that the rainbow hematite in 
this study indeed derives from the Andrade mine. 

The Andrade iron ore deposit is located in the 
eastern high-strain domain of the Quadrilátero Fer-
rífero district (figure 4) in the southern part of the São 
Francisco Craton of Brazil (de Almeida, 1977). The 
Quadrilátero Ferrífero (or “Iron Quadrangle”) is so 
called because the Paleoproterozoic metasediments 
in the Minas Supergroup exhibit a rectangular 
arrangement of synclines (Rosière et al., 2001; 
Rosière and Chemale, 2008). The Caraça, Itabira, 
Piracicaba, and Sabará groups are four sequences of 
the Minas Supergroup rocks (Dorr, 1969; Mendes et 
al., 2017; see figure 5). The iron ore deposits are lo-
cated within metamorphosed banded-iron forma-
tions in the Cauê Formation of the Itabira Group; the 
Andrade mine is in a contact-metamorphic zone 
within this formation. The rainbow hematite occurs 
as iridescent, specular seams oriented parallel to bed-
ding. The material is brittle and fractures into lath-
like splinters, but the crystals within the laths have 
a granoblastic texture, a term used to describe 
equigranular minerals without sharp crystal faces in 
metamorphic rocks. Rosière et al. (2001) attribute 
these textures to post-tectonic deformation and re-
crystallization. 

The Andrade rainbow hematite seam occurs 
within a banded-iron formation (BIF) in the Itabira 
Group (again, see figure 5), which has lent its name 
to a broad class of metamorphic rocks called 
itabirites. These are hematitic (rather than mica) 
schists that formed when the original jasper bands in 
the BIF recrystallized into distinct layers of macro-
scopic quartz and hematite (or sometimes mag-
netite). The hematite schists, from which we infer 
the rainbow hematite derives, are intergrown within 
itabirites (Barbour, 1973). 



    
      

    
       

       
         

         
         
           
      

      
      

      
     

      
       

            
     

      

        
      

     
        

     
       
       

         
     

        
        
      

     
      

        
        

       
           

        

                  
                

               
    

 

  

 

 

  

 
 

 

 

  

 

 

  

 

Figure 4. (A) Geologic map of the Quadrilat́ero Ferrífero in the southern portion of the São Francisco Craton (SFC), 
Brazil. Iridescent hematite derives from the Andrade mine, denoted toward the upper right as MAN. WLSD: West-
ern Low-Strain Domain; EHSD: Eastern High-Strain Domain. IS: Itabira Syncline. From Mendes et al. (2017), as 
modified from Dorr (1969). 
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Scanning Electron Microscopy and Energy-Dispersive 
Spectroscopy. SEM and EDS were used to characterize 
surface topography and compositional information 
for the specimen. As iridescence was evident even 
from freshly fractured surfaces of the Andrade speci-
men, we removed a flake from one of our specimens 
and affixed the flake to an SEM mount using carbon 
fiber tape so that the flat iridescent surface was par-
allel to the surface of the SEM mount. We used an FEI 
Nova NanoSEM 600 field emission scanning electron 
microscope, outfitted with an Oxford Instruments X-
Max (Model 51-XMX1105) silicon drift detector used 
for EDS analysis, in the Materials Characterization 
Laboratory (MCL) at Pennsylvania State University 
to examine the iridescent hematite. Nanoscale sec-
ondary electron images were obtained at an accelera-
tion voltage of 5 kV and a current of 9 pA. EDS data 
were processed using the Oxford Instruments 
NanoAnalysis AZtec software (version 2.4). We chose 

three different accelerating voltages (20, 10, and 5 kV) 
to acquire spectra for the same sites. 

Atomic Force Microscopy. To obtain high-resolution 
surface topography, we used a Bruker Icon I AFM 
(MCL, Pennsylvania State University) in PeakForce 
Tapping (PFT) mode with the ScanAsyst image opti-
mization technique. In PFT mode, the cantilever is 
brought in and out of contact with the surface. PFT 
algorithms can precisely control the instantaneous 
force interaction, allowing the use of reduced forces in 
the imaging process. In this way, both fragile probes 
and samples can be protected without compromising 
image resolution. ScanAsyst automatically adjusts the 
appropriate parameters (such as set points, feedback 
grains, and scan rates) during the scan and continu-
ously monitors image quality. The AFM probe for this 
analysis was a Bruker ScanAsyst-Air probe, which has 
a silicon tip on a nitride lever. The front angle of the 
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tip was 15° and the back angle was 25°. For AFM im-
aging, the peak force set point ranged from 1 to 4 nN 
and the scan rate was 1 to 0.5 Hz, with 512 data points 
per line in each scan. NanoScope Analysis software 
(version 1.50) was used to process the AFM data. 

X-Ray Diffraction. Hematite was powdered in an 
agate mortar and pestle under acetone. Upon drying, 
the powder was loaded into a 0.7 ID polyimide capil-
lary for X-ray diffraction. Synchrotron X-ray diffrac-
tion data were collected at the GeoSoilEnviroCARS 
(GSECARS) 13-BM-C beamline at the Advanced Pho-
ton Source (APS), Argonne National Laboratory (Ar-
gonne, Illinois). The X-ray wavelength was 0.8315(4) 
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Figure 5. Stratigraphic 
column of the Quadri -
látero Ferrífero. Rain-
bow hematite is found 
within the Cauê 
banded-iron formation. 
From Carlos et al. 
(2014). 
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Å, and the detector-sample distance was 100.469(1) 
mm. XRD data were collected with a MAR165 CCD 
camera. The diffraction pattern was integrated into in-
tensity vs. 2θ plots using the Fit2D program with a po-
larization factor of 0.99 (Hammersley et al., 1996). 

Structure Refinement. Rietveld refinement is a tech-
nique for determining atomic structures by compar-
ing the misfit between an observed powder X-ray 
diffraction pattern and a diffraction pattern calcu-
lated on the basis of a model crystal structure (Ri-
etveld, 1969). Factors such as unit-cell parameters 
and atom positions are allowed to refine until the 
misfit between the observed and calculated patterns 
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is minimized. Because we suspected that the atomic 
structure of the iridescent hematite from the An-
drade mine might deviate from ideal hematite, we 
applied Rietveld analysis of the synchrotron XRD 
data to refine the crystal structure. The Rietveld soft-
ware employed was the EXPGUI interface (Toby, 
2001) of the general structure analysis system (GSAS) 
(Larson and Von Dreele, 1994). To obtain instrumen-
tal broadening parameters, we refined the structure 
of a LaB6 standard using starting parameters from 
Ning and Flemming (2005). For the hematite refine-
ment, we incorporated the peak profile parameters 
refined for LaB6, and the initial structure parameters 
for hematite came from Blake et al. (1966). Using a 
2θ range of 11.5° to 37.5° (dhkl = 4.1 Å to 1.3 Å), we 
refined the background using a cosine Fourier series 
polynomial with eight profile terms. After the scale 
factor, background, unit-cell parameter, zero posi-
tion, and additional profile terms had converged, the 
atom positions and the Fe occupancy were refined. 

RESULTS 
Reflected Light Microscopy. Viewed using reflected 
light optical microscopy at low magnification, the 
rainbow hematite sample appeared as a composite of 
gray hematite platelets with a strong silvery luster, 
and the platelets varied in diameter from 150 to 250 
μm (figure 6). The lenticular to equidimensional tex-
ture was consistent with the mosaic granoblastic fab-
ric reported by Rosière et al. (2001). Even when the 
iridescent Andrade hematite was freshly fractured, 
all surfaces exhibited intense rainbow colors (figure 
6), leading us to interpret the iridescence as a bulk 
character, or at least as a pervasive character, rather 
than as the result of a single surface coating. 
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Figure 6. Reflected light microscope image of irides-
cent hematite revealing the granoblastic texture and 
strong iridescence of a freshly fractured surface. Photo 
by Xiayang Lin. 

Scanning Electron Microscopy and Atomic Force Mi-
croscopy. When the iridescent surfaces of the An-
drade hematite platelets from a freshly fractured 
surface were analyzed at low magnification using 
SEM, the surface appeared flat and smooth (figure 7). 
As first described by Ma and Rossman (2003a), how-
ever, sub-micron resolution revealed spindle- and 
rod-shaped nanocrystals arranged with threefold 
symmetry. The spindle-shaped particles were 200– 
300 nm in length and 50–60 nm in width. These ori-
ented nanoparticles were reproducibly observable on 
freshly fractured surfaces, where they occurred as 
stacked sheets. 

Figure 7. FESEM images of a freshly fractured iridescent hematite surface, shown with increasing magnification 
from left to right, reveal that the granoblastic texture of a single hematite grain (left) comprises individual 
nanocrystals oriented at 120° angles (center and right). 

30 µm 2 µm 500 µm 
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Figure 8. AFM images of iridescent hematite from the Andrade mine at low (A) and high (B) magnifications. 
The scale bar to the right of each image denotes the height relative to a zero-plane on the surface, with lighter 
colors representing higher elevations. (C) 3D reconstruction of the image in (B) as calculated by NanoScope 
Analysis software. 

The threefold trellis network generated by the 
hematite nanoparticles was illustrated even more 
clearly by AFM imaging of fracture surfaces (figure 8). 
In particular, the scanning probe technique allowed 
for a three-dimensional reconstruction of the hematite 
surface (figure 8C), revealing a ridge-and-valley struc-
ture at the nanometer scale along three directions. 
Moreover, these images exposed a high concentration 
of nanopores approximately 10 nm in length. 

Chemical Composition. We measured the elemental 
composition of the iridescent surface using EDS from 
a fractured face with nanoSEM (figure 9). Consistent 
with the results reported by Ma and Rossman (2003b), 
our EDS measurements detected Al and P in addition 
to Fe and O. Al is known to substitute for Fe in natural 
hematite (Tardy and Nahon, 1985; Cornell and Schw-

50.0 nm 

–50.0 nm 

ertmann, 2003, p. 51). Moreover, synthetic hematite 
with variable concentrations of substitutional Al has 
been studied extensively (Schwertmann et al., 1979; 
De Grave et al., 1985; Stanjek and Schwertmann, 
1992; Gialanella et al., 2010; Liu et al., 2011). Like-
wise, P has been reported as a common impurity 
within natural hematite. Indeed, dephosphorization of 
iron ores to improve the efficiency of iron extraction 
is a global focus in the mining industry (Li et al., 2014; 
Lovel et al., 2015), including the Itabira deposits (Bar-
bour, 1973). P-containing hematite also can be synthe-
sized, and studies have revealed that P preferentially 
attaches to the prismatic (100) and (110) faces of 
hematite rather than the (001) and (104) basal faces 
(Colombo et al., 1994; Torrent et al., 1994; Gálvez et 
al., 1999), inducing particle morphologies to change 
from rhombohedral to spindle-shaped. 

cp
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Figure 9. The EDS spec-
trum for iridescent 
hematite reveals the 
presence of Al and P in 
addition to Fe and O. 
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Consequently, we calculated a formula for the iri-
descent hematite from the Andrade mine using the 
data in table 3 and assuming the presence of Al and P 
as impurities. Our EDS results yielded a formula of 
Fe Al P O when normalized to three oxygen 1.81 0.23 0.03 3, 
atoms. The absence of charge balance may indicate 
the P is not incorporated within the structure (see 
below), and it also may arise from the semi-quantita-
tive nature of EDS when performed on a fractured 
rather than polished surface. Nevertheless, the ratio 
of Fe to Al suggests occupancies of 89% for Fe and 
11% for Al, in good agreement with the results of our 
Rietveld analysis of XRD data, as described below. 

XRD and Rietveld Refinement. Our X-ray diffraction 
analysis indicated that the Andrade mine hematites 
were phase pure within the detection limits of syn-
chrotron diffraction (optimally about 0.1 wt.%). The 
final Rietveld refinement results based on our syn-
chrotron XRD are presented in figure 10, and the 
unit-cell and refinement parameters are presented in 
table 1. Atom positions and occupancies are included 
in table 2. 

Although the match between the calculated and 
observed patterns was excellent, we noted a discrep-
ancy between our refined structure and ideal stoi-
chiometric hematite. When we refined the structure 
using only Fe in the octahedral site, the occupancy 

Figure 10. The close corre-
spondence between the 
observed and calculated 
XRD patterns in this Riet -
veld refinement of irides-
cent hematite from the 
Andrade mine indicates a 
strong match between our 
model structure and the 
actual atomic structure. 
The black crosses repre-
sent the observed data. 
The red line is the calcu-
lated pattern based on the 
final refined structure. 
The green line models the 
background intensity. The 
blue line represents the 
difference between the ob-
served and calculated pat-
terns. The pink vertical 
lines mark the X-ray dif-
fraction peaks of 
hematite. 

converged to 93.9(4)% rather than 100%. Since our 
EDS results revealed the presence of Al, we postu-
lated that Al was incorporated into the crystal struc-
ture of hematite rather than in the distinct phosphate 
phase suggested by Ma and Rossman (2003a). To test 
this hypothesis, we included Al on the same crystal-
lographic site as Fe, with the constraint that the oc-
cupancies for Al and Fe would sum to 100%. 

The accuracy of a Rietveld refinement is gauged 
using several goodness-of-fit (GOF) measurements. 
These include a factor that compares observed and 
calculated waveforms of the diffracted X-rays (R )Bragg 
as well as factors that compare intensities of ob-

TABLE 1. Final Rietveld refinement parameters for 
iridescent hematite. 

Space group 

a (Å) 
b (Å) 
c (Å) 
α (°) 

β (°) 

γ (°) 

¯ R 3 c 

Unit cell 

Refinement parameters 

5.0500(2) 

5.0500(2) 

13.7903(6) 

90 

90 

120 

No. of diffraction points 

No. of reflections 

Diffraction range (2θ) 

No. of variables 

R(F2) 

RWP 

χ2 

1,062 

29 

11.5–37.5 

16 

0.1136 

0.0079 

0.2020 
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Fe 

Al 

O 

TABLE 2. Atomic coordinates and occupancy of 
iridescent hematite after Rietveld refinement. 

Atom x y z Occupancy  iso 

0 

0 

0 

0.35530(6) 

0.35530(6) 

0.25 

0.879(7) 

0.121(7) 

1 

0 

0 

0.2996(5) 

0.004 

0.004 

0.004 

served and calculated diffraction data as a function 
of scattering angle (χ2 and Rwp). The partial substitu-
tion of Al for Fe improved the GOF by all of these 
measures, with RBragg decreasing from 0.1369 to 
0.1136. Other GOF parameters indicated an excellent 
match between the calculated and observed diffrac-
tion patterns when Al substitution was allowed, 
with the final χ2 = 0.2020 and R = 0.0079. Our final wp
Rietveld refinement of the Andrade hematite yielded 
an occupancy for Fe of 87.9(7)%, with Al occupying 
the remaining 12.1(7)% of the sites. That value com-
pares very well with the 11% occupancy for Al cal-
culated from the EDS data. 

Our efforts to incorporate P into the crystal struc-
ture did not yield a satisfactory structure refinement, 
which was not surprising since our EDS data sug-
gested much lower concentrations of P than Al, con-
sistent with the analyses of Ma and Rossman 
(2003b). Thus, P occurs as a minor impurity, either 
interstitially within the hematite structure, as a sub-
stitute for octahedral Fe, or perhaps as atoms at-
tached to the surfaces of individual nanocrystals. 

DISCUSSION 
A Natural Diffraction Grating of Hematite Nanocrys-
tals. Modulated structures with periodicities on the 
order of the wavelength of visible light (380–700 nm) 
can lead to diffraction effects if the structures are 
physically displaced relative to each other (such as 
ridges on a crystal surface) or if the nanostructure 
boundaries exhibit a change in refractive index (as 
with the alternating Na- and Ca-rich layers that char-
acterize labradorite; reviewed in Lin and Heaney, 
2017). Our observations indicate that the iridescence 
in metamorphic specular hematite from the Andrade 
mine results from the interference of visible light rays 
reflected from the stacked nanorods that constitute 
the bulk minerals. Consequently, the iridescence 
should not be attributed to a thin film of Al phos-
phate, as previously suggested by Ma and Rossman 
(2003a). Instead, the diffraction behavior is analogous 
to that generated by the modulated substructure in 
opal. Whereas opal consists of transparent, amor-

phous nanospheres that are closely packed to form a 
“photonic crystal” (Gaillou et al., 2008), the nanorods 
in iridescent hematite are crystalline, opaque, and pri-
marily reflective of visible light. 

The individual particles in the rainbow hematite 
were less than 100 nm wide, approaching the 
Rayleigh scattering domain (less than one-tenth the 
wavelength of light) and thus seemingly too small to 
diffract visible light. However, the average distances 
observed between parallel nanorods within the same 
layer were consistently in the range of 280–400 nm, 
the same order of magnitude as the wavelength of 
visible light. Consequently, the grating traced by the 
hematite nanoparticles was of a dimension suitable 
for scattering visible light. 

Our inspection of many fragments of rainbow 
hematite revealed that the diffraction colors were in-
dependent of the angle of incidence. In other words, 
unlike play-of-color opal, which changes color as the 
sample is tilted with respect to the light source, the 
blue, green, and red patches of Andrade mine 
hematite did not change color as the specimens were 
rotated. This phenomenon is well known in biologi-
cal materials with structural rather than pigmented 
coloration (e.g., the wings of the Morpho butterfly), 
and it appears to violate basic laws of light interfer-
ence from periodic structures. For example, Bragg’s 
law (λ = 2d sin θ) explicitly states that the wavelength 
of light (λ) is dependent on the spacing of the periodic 
substructure (d) and the incident light angle (θ). The 
apparent paradox embodied in this wide-angle dif-
fraction behavior has been attributed to the combi-
nation of regular lamellar nanostructures (which 
create a strong interference effect) and irregular 
lamellar ridge heights (which diffuse the diffraction) 
(Kinoshita et al., 2002; Song et al., 2014). The hematitic 
substructures seen in figure 8C reveal regular lamel-
lar features with variable topography, perhaps ac-
counting for the angle-independent iridescence. 

TABLE 3. EDS analysis using elemental K-lines for 
iridescent hematite. 

Element 

O 

Al 

P 

Fe 

Total 

Wt.% Wt.% sigma 

30.78 

4.01 

0.54 

64.67 

100 

0.21 

0.06 

0.04 

0.24 

Atomic % 

59.23 ± 0.2 

4.58 ± 0.1 

0.54 ± 0.1 

35.65 ± 0.2 

100 
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Ordered Substructures from Oriented Aggregation. 
The periodic substructure of specular hematite from 
the Andrade mine consists of nanorods oriented at 
120º angles with respect to each other and stacked 
layer by layer. This texture strongly suggests crystal 
growth by oriented aggregation of nanohematite 
(Niederberger and Cölfen, 2006). In this crystal 
growth mechanism, individual primary crystallites 
nucleate and grow to a specific length, followed by 
the assembly of mineral grains in a crystallographi-
cally controlled fashion (Penn and Banfield, 1998; 
Banfield et al., 2000). Hematite has a particular ten-
dency to form through aggregation-based processes. 
Oriented aggregation of pseudocubic, ellipsoidal, and 
disc-shaped crystals has been described in a variety 
of hematite synthesis studies (Sugimoto et al., 1993; 
Ocaña et al., 1995; Niederberger et al., 2002). 

We propose that the iridescent hematite found at 
the Andrade mine formed in two stages (figure 11). 
During the first stage, ultrafine crystallites grew as 
spindle-shaped rather than rhombohedral nanoparti-
cles. The rod-like morphology may have resulted 
from the incorporation of Al and/or P within the 
crystal structure (Schwertmann et al., 1979; Barron 
et al., 1988; Reeves and Mann, 1991; Stanjek and 
Schwertmann, 1992; Sugimoto et al., 1993, 1998; 
Colombo et al., 1994; Galvez et al., 1999). It has been 
suggested that these ions poison surface sites and in-
duce the growth of non-equant crystals. 

In the second stage of growth, the nanorods as-
sembled such that their crystallographic c-axes were 

Oriented Aggregation and Arrested Growth 

Stage 1 

Stage 2 

Figure 11. Our model for the formation of the texture 
observed in iridescent hematite from the Andrade 
mine. Rod-like nanocrystals of hematite grow to a 
critical size and population density before assembling 
with crystallographic control to generate the three-
fold trellis network observed. 

Figure 12. “Flying Free,” designed by Llyn Strelau, 
features Brazilian rainbow hematite and mixed col-
ored garnets set in yellow gold and platinum. The 
brooch received an AGTA Spectrum Award in 1995. 
Photo courtesy of Jewels by Design. 

parallel. Because hematite has trigonal (threefold) 
symmetry along the c-axis, two crystals can align in 
one of three orientations with equivalent energetics 
of attachment (energy of structural assembly), giving 
rise to the threefold rotational orientations seen in 
figures 7 and 8. This interpretation suggests that the 
particles are elongated perpendicular to the c-axis, 
in contrast to an earlier finding that ellipsoidal 
hematite is lengthened along the c-axis (Colombo et 
al., 1994). Whereas most crystals that form by ori-
ented aggregation eventually fill all spaces, the iri-
descent hematite from the Andrade mine records an 
arrested growth, with significant retention of void 
space. Researchers have attributed the occurrence of 
hematite in the Cauê Formation to the hydrother-
mal recrystallization of magnetite (Rosière and Rios, 
2004). The density of hematite (5.26 gm/cm3) is 
greater than that of magnetite (5.18 gm/cm3). Thus, 
the replacement of magnetite by hematite will gen-
erate porosity if the volume of the rock unit is un-
changed (Putnis, 2002). 

Ma and Rossman (2003a) deserve credit for their 
initial SEM observations of the periodic surface tex-
tures, and their online images reveal very similar 
microstructures in specimens from other localities. 

IRIDESCENT HEMATITE FROM BRAZIL                                                               GEMS & GEMOLOGY                                             SPRING 2018 37 



     
        

      
      
      

     

    
    

     
      

      
  

 

  
         

         
           

          
          

         
     

           
         

           
     

      
        

          
        

     

         
        

         

         
       

    
       

    
       

       
       

        

          
      
          

         
        

       
     

        
       

  
        

          

        

         
       

        

        
      

         
          
         

     
      

         
         

        

         
         
       

     

        
       

          
        

         
         

 
      

          

         
       

         
         

  
        

      
 

 

 
         

     
         

     
         

          
         
   

In particular, iridescent hematite specimens from 
the El Salvador mine in Mexico (labeled GRR 1960), 
Quartz Mountain, Oregon (GRR 2380), and Alaska 
(CIT 11952) exhibit stacked, oriented aggregates of 
what we propose are hematite nanocrystals. We 
conclude that the hydrothermal recrystallization of 

precursor magnetite, which commonly occurs 
when banded-iron formations are metamorphosed, 
may favor porous hematite with crystallographi-
cally oriented nanocrystals, giving rise to iridescent 
specular hematite (figure 12) in many localities 
around the world. 
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