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In recent years, Ethiopian opal has rapidly entered the jewelry market, arousing widespread research interest. 
In this study, Fourier infrared spectroscopy (FTIR), Raman spectroscopy and ultraviolet-visible (UV-Vis) spec-
troscopy have been applied to analyze the spectroscopical characteristics of hydrophane opals from Wollo, 
Ethiopian, black opal, white opal, and water opal were also studied as a comparison. In addition, the hygro-
scopicity was proved by a water immersion experiment. The results showed that the infrared absorption peak 
at around 1098 cm!1 and the distinct ultraviolet absorption peak at about 970 nm are strong indicators of hy-
drophane opal. Raman spectroscopy revealed that Ethiopian opals belong to the opal-CT type. Water immer-
sion experiments showed that hydrophane opal has high porosity and strong hygroscopicity. After being im-
mersed in water for a while, as water molecules fill the pores, the di"use reflection is reduced, thus the weight 
increases, the play-of-color disappears, and the diaphaneity increases.

Opals are naturally occurring water-bearing micro- to 
non-crystalline materials, composed of micro-spheres 
of hydrous silica materials (SiO2·nH2O) with a high de-
gree of structural disorder (Jones and Segnit, 1971; 
Webster, 1975; Leechman, 1984). Ethiopian gem opal 
was reportedly discovered in the Menz Gishe District, 
North Shewa Province in 1994 and the first related re-
port appeared in February 1994 ICA Gazette, (Barot, 
1994; Koivula et al., 1994). The opal field lies north of 
Mezezo. The opal, found mostly in the form of nod-
ules, was of volcanic origin and was found predomi-
nantly within weathered layers of rhyolite (Johnson et 
al., 1996; Downing, 2017). Unfortunately, the majority 
of this opal had a tendency to crack and be unstable. 
Thus, the market didn’t pay much attention to this vari-
ety.

ABSTRACT

INTRODUCTION In 2008, a new opal deposit was found near the 
town of Wegel Tena, in volcanic rocks of Ethiopia's 
Wollo Province with significant variety (Fritsch 
and Rondeau, 2009; Rondeau et al., 2009). The 
entire region around Wegel Tena consists of a 
thick (>3,000 m) volcano-sedimentary sequence of 
alternating layers of basalt and rhyolitic ignimbrite 
(Rondeau et al., 2010). Different from the previous 
one near Mezezo, this new finding resembles the 
sedimentary materials of Australia and Brazil, with 
a light background and uncommon play-of-color 
phenomenon (Rondeau et al., 2010). The 2011 
Tucson show saw an abundant influx of beautiful and 
a"ordable opal from the Wollo deposit. Due to their 
optical properties and a"ordable prices, Wollo opal, 
also called "Wello" opal, has been largely accepted 
and used in jewelry. 

Many researchers have done related research on 

Hydrophane Opal from Wollo Province, Ethiopia Gemology Frontier Vol.2, No.3 2021



138Hydrophane Opal from Wollo Province, EthiopiaGemology FrontierVol.2, No.3 2021

these materials. Interpenetrating play-of-color also 
described as“digit pattern”, is a common feature of 
Wollo opal. The hypothesis of its formation, involving 
deposition, preferential alteration, precipitation, 
drying, and solidification, was put forward for the 
first time by Rondeau (Rondeau et al., 2013). The 
diameter of the silica spheres (d = 80–500 nm) 
or agglomerates (d = 200–580 nm) in Wollo opal 
satisfies the conditions of di"raction of visible light, 
and the thickness of the silica layer (h = 120–200 nm) 
satisfies the conditions for film interference (Zhao, 
et al., 2020). Due to its relatively bigger porosity, 
Ethiopian opal is the best choice for dyeing treatment 
and it can be dyed by soaking in chemical pigment 
solutions of di"erent colors (Yu et al., 2014). 

However, the comparison between the hygroscopicity 
difference between Ethiopian hydrophane opals 
and other materials still lacks progress. This work 
aims to present a complete characterization and a 
hygroscopicity study of this kind of material, to avoid 
confusion and enhance acknowledgment. In this work, 
we apply a combined spectroscopic investigation and 
hygroscopicity experiment. Moreover, this comparative 
study could have usefulness and significant practical 
applications in identifying the hydrophane opal in a 
non-destructive way. 

Six pieces of natural oval-shaped hydrophane opals 
from Wollo Province, Ethiopia (figure 2) (E!1~E-6) were 
covered in this study, weighing from 0.43 ct to 2.19 ct. 
Besides, representative samples including three black 
opals (AB!1~ AB-3), three white opals from Australia 
(AW!1~ AW-3), and two Mexican water opals (MW!1~ 

SAMPLES AND METHODS

Figure 1. Shown are opal samples used in this study. Clockwise from the top left, six hydrophane opals from Wollo, Ethiopia, three black opals and three white opals from Australia, 

and two water opals from Mexico. Photo by Huixin Zhao.

Figure 2. The opal deposit is located in north-central Ethiopia, close to the Wegel Tena 

town (modified by Rondeau et al., 2010). Illustrated by Huixin Zhao. 
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MW-2)  were also selected as a comparison in this 
study. All these samples showed distinct play-of-color 
phenomena and were purchased from Cody Opal, as 
shown in figure 1. 

We photographed the specimens using a camera 
equipped with a binocular microscope with up to 
100# magnification.

Fourier Transform Infrared (FTIR) spectroscopy was 
performed on a TENSOR ˻ FTIR spectrometer. The spectra 
were recorded in the 400 - 2,000 cm!1 range with a signal-
to-noise ratio of 4000:1, a spectral resolution of 4 cm!1, 
and 32 scans at 7.5 kHz scanning speed. 

All the samples were tested using an XplorRA 
Horiba Scientific Confocal Raman microscope. Spectra 
were collected in the range of 100!1500 cm!1 at an 
excitation wavelength of 785 nm and spectrometer 
resolution of 4.5 cm!1. The instrument was calibrated 
using the 520.7 cm!1 line of silicon. 

All the samples in this study were cabochon opals with 
colorless, near-white, or light yellow body colors and 
a range of transparencies, purchased from Cody Opal. 
The spot RI measurements of the six hydrophane sam-
ples were between 1.45 and 1.47. All the natural sam-
ples showed medium to strong bluish fluorescence un-
der long-wave UV radiation. In Table 1, we reported the 
detailed gemological characteristics of each investigat-
ed sample.

RESULTS AND DISCUSSION
Gemological Observations. 

Table 1. Standard Gemological Characteristics of Opal.

No. Variety

hydrophane opal

hydrophane opal

hydrophane opal

black opal

hydrophane opal

black opal

hydrophane opal

black opal

hydrophane opal

Ethiopia

Australia

2.190

0.573

0.488

0.189

0.426

0.220

0.472

0.218

0.685

colorless

colorless

colorless

black

white

black

pale yellow

black

pale yellow

transparent

transparent

translucent

opaque

subtranslucent

opaque

transparent

opaque

translucent

1.45

1.44

1.47

-

1.46

-

1.45

-

1.47

E!1

E-3

E-4

AB!1

E-5

AB-2

E-6

AB-3

E-2

Origin Weight/ct Bodycolor Diaphaneity R.I.

The UV-Vis-NIR spectra were analyzed using a 
Gem-3000 Ultraviolet-Visible spectrophotometer, 
with test conditions: integration time of 120 ms, an 
average number of 12, smoothing width of 3 nm, 
wavelength collected from 220 nm to 1000 nm. 
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white opal

water opal

white opal

water opal

white opal

Australia

Mexico

0.255

0.770 

0.232

0.780 

0.305

white

colorless

white

colorless

white

opaque

transparent

opaque

transparent

opaque

-

-

-

-

-

AW!1

MW!1

AW-2

MW-2

AW-3

Two of these samples (E!1 and E-2) showed 
a macroscopic finger-like structure called a digit 
pattern, typical of Ethiopian opals (Rondeau et al., 
2010). This pattern comprises vertical columns of 
varying diaphaneity or play-of-color that are more 
or less parallel, separated by a homogeneous and 
continuous matrix (figure 3A-C). As we observed 
in more detail, several parallel columns displayed 
similar di"raction colors from one to another, which 
was probably caused by slightly misoriented silica 
spheres (figure 3C). Besides, the transition from red 
(bottom) to yellow to green (top) diffraction colors 
indicates a regular size gradation of the spheres 

controlled by gravity (Rondeau et al. 2013). As is 
well discussed in the work of Rondeau et al. (2013), 
a model for the digit formation was proposed, 
hydrated spheres of silica combine into prismatic, 
vertical columns, and gradually split into adjacent 
columns, polygonal in cross-section. The influx of 
water or other materials will alter the boundaries of 
the columns from juxtaposed polygons to eroded 
patches divided by the intrusions (Rondeau et al. 
2013). Other specimens displayed various patterns 
including flaky-like, banded shape, and flaming-like 
(figure 3D-F). 

Figure 3. Play-of-color showed in these hydrophane opals. A: From one side of sample E-2, a mosaic of polygonal to rounded patches of opal (E-2); field of view 10.61 mm. B: more 

details of the polygonal pattern, resembling the mosaic structure or honeycomb structure; field of view 4.10 mm. C: Digits are finger-like columns of opal embedded in a matrix of 

opal (E-2);  field of view 11.09 mm. D: flaky-like pattern (E!1); field of view 10.37 mm. E: banded-shape pattern (E!1);  field of view 9.65 mm. F: flaming pattern (E-6); field of view 6.61 

mm. Photomicrographs by Huizhi Zhao. Fiber-optic illumination.
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FTIR spectra were collected in the low-frequency region 
of 400-2000 cm!1, characterized by the three strong 
peaks typical of framework silicates (Si-O-Si bending) 
(Farmer, 1974; Adamo et al., 2010). Specifically, the 1115 
and 780 cm!1 bands can be assigned to antisymmetric 
and symmetric Si-O-Si stretching respectively, whereas 
the band centered at around 475 cm!1 is associated with 
O-Si-O bending vibration (Farmer, 1974; Smallwood 
et al., 1997). In comparison, the hydrophane opals 
showed a noticeable deviation of about 17 cm!1 for the 
1115 cm!1 band (figure 4), which is a diagnostic marker 
and the key factor in distinguishing hydrophane opals 
from non-hydrophane ones without soaking them in 
water.

Opals can be categorized as opal-A, -CT, and -C by their 
crystalline morphology using X-ray diffraction (XRD) (Jones 
and Segnit, 1971). Besides, Raman (Smallwood et al., 
1997; Sodo, 2016), infrared (Day, 2008; Bobon, 2011; Chau-
viré, 2017), and nuclear magnetic resonance spectrosco-
py (Paris, 2007) can also assist in classification. Opal-A is 
predominantly amorphous (A); Opal-CT is semicrystalline 
comprising crystalline regions of $-cristobalite (C) and 
$-tridymite (T); and Opal-C is a well-ordered form of the 
silicate predominantly in the $-cristobalite form (Jones et 
al., 1972; Elzea et al.; 1994). 

In this study, Raman was applied to conduct a 
preliminary classification. The major absorptions occur 
predominantly in the region below 1100 cm!1. All the 
hydrophone samples showed a maximum of around 
307 cm!1. Besides, several peaks at approximately 104 
cm!1, 230 cm!1, 346 cm!1, 411 cm!1, 483 cm!1, 781 cm!1 

FTIR Spectroscopy

Raman Spectroscopy

Table 2. Assignments of Infrared Absorption of Opal (Farmer, 1974).

Frequency (cm!1) Assignment

1098-1115 

777-785  

475   

Vas (Si-O-Si)

Vs (Si-O-Si)

% (O-Si-O)

Figure 4. Infrared spectra of Australian black and white opal, Ethiopian hydrophane 

opal, and Mexican water opal in the range of 400-2,000 cm!1. All the spectra have been 

stacked for better visualization.
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and 978 cm!1 were observed (figure 5). According to 
previous literature (Sodo, 2016; Curtis et al., 2019), these 
opals belong to the opal-CT type.

Figure 5. Raman spectrum of Ethiopian hydrophane opal, indicating its type as 

opal-CT.
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Spectra of all the opal samples revealed several 
fine-tuning troughs when changing the testing position 
and angle, perhaps due to the play-of-color. Neverthe-
less, no matter how the position changes, the water-re-
lated band at around 970 nm always exists and is most 
prominent for Wollo opal (figure 6) . 

The hygroscopicity experiment in this work was divid-
ed into two groups. In group 1, four samples of di"er-
ent varieties (AB!1, AW!1, E-3, and MW!1) were select-
ed and immersed in distilled water in a petri dish. The 
weight of these samples was tested every 30 minutes 
to compare the di"erence in hygroscopicity. In group 2, 
three hydrophane opals of di"erent weights were se-
lected. The process was similar to that of group 1 with 
a small change of interval time shortened to 5!15 min-
utes, which was decided by the rate of weight gain. The 
experiment data were presented in tables 3-4. 

Due to the correlation of the hygroscopicity 
of opal with the pores in its structure, porosity is 
calculated herein. The porosity of opal means the 
ratio of the total volume of all the pores (Vp) and the 
volume of opal (V), expressed as a percentage. In an 
ideal setting, the water in all the pores disappears 
when the opal had been kept in a dry environment 

UV-Vis-NIR Spectroscopy 

Hygroscopicity Experiment 

Figure 6. UV-Vis spectra of Australian black and white opal, Wollo hydrophane opal, 

and Mexican water opal.

for a long time and all the pores are filled with water 
when it was soaked in water for a period. Based 
on this assumption, the volume of the water in the 
pores (Vw) equals that of the pores (Vp). The weights 
of opal before and after immersion are expressed as 
W1 and W2, respectively. The density of opal is &1 and 
the water density &w is 1 g/cm3. Thus, the calculation 
formula is deduced as follows.

P  = Vp / V #100%
                                      = ((W2- W1)/&w) / (W1/&1) #100%

        

Note: In this experiment, &1 was calculated using the mean 
density of hydrophane opal of 1.82.

= (W2- W1) #&1/W1#100%

Figure 7. The appearance of black opal, white opal, hydrophane opal, and water 

opal before and after soaking in water, non-hydrophane opals show no change 

in appearance, while the diaphaneity increases and play-of-color disappear for 

hydrophane opal. Photos by Xueying Sun.

Figure 8. The appearance of hydrophane opal before and after soaking in water, the 

diaphaneity increases, and the play-of-color phenomenon disappears (from left to 

right: E-2, E-4, E-5). Photos by Xueying Sun.
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Figure 9. The weight of opals of various variety increase with the duration of immersion.

Figure 10. The weight of Ethiopian hydrophane opals increases with the duration of 

immersion.

Table 3. The Weight of Opal Samples Increase with the Duration of Immersion.

AB!1  No.
Weight/ctDuration

0 min

30 min

1 h

1 h 30 min

1h 40 min

1 h 50 min

Rate of weight gain 0.000% 0.000% 5.217% 0.000%

0.217 0.307 0.575 0.774 

0.217 

0.217 

0.217 

0.217 

0.217 

0.307 

0.307 

0.307 

0.307 

0.307 

0.605 

0.605 

0.605 

0.605 

0.605 

0.774 

0.774 

0.774 

0.774 

0.774 

AW!1 E-3 MW!1

The experiment time of group 1 lasts about 110 
minutes. The weight and appearance, including the 
play-of-color and diaphaneity, of non-hydrophane 
opals,  remain unchanged before and after 
immersion (figure 7, 9). The experiment time of group 
2 lasts about 170 minutes. All these samples absorb 
water so readily that the tiny bubbles escaping from 
their surface give the impression of effervescence. 
After soaking, the weight increase varies from 6.861 
% to 15.603 %, the play-of-color disappears and the 
diaphaneity increases (figure 8, 10). The degree to 
which these stones show this property varies, the 
smaller the initial weight, the faster it absorbs water, 
the higher the weight increase rate, the greater the 
porosity, and the shorter the time needed to reach 
the stable state. Take E-5 (0.423 ct) for example, it 
takes only 10 minutes to reach the stable state and 
the porosity is as high as 28.87 %; in comparison, 
it takes 150 minutes for sample E-5 (0.685 ct) to 
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arrive at this condition with the porosity calculated 
as 12.69 %. The hygroscopicity of opal is related to 
the microporosity and specific surface area of the 
SiO2 spheres (Qin et al., 2006). The samples with the 
smaller weight possess the higher microporosity 
and a larger specific surface area, thus, the higher 
hygroscopicity.

After the immersion experiment, all the hydrophane 
samples were put in a dry petri dish to observe their 
recoverability. Two weeks later, the appearance and 
the weight recovered to their original state (figure 9). 
Although the water absorption process is reversible, 
the dehydration process is significantly slower and the 
recovery time is influenced by the ambient humidity and 
the size of the sample (Rondeau et al., 2010).
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  No.
Weight/ctDuration

0 min

5 min

30 min

1 h 35 min

10 min

35 min

1 h 50 min

15 min

50 min

2 h 5 min

20 min

1 h 5 min

2 h 20 min

25 min

1 h 20 min

2 h 35 min

2 h 50 min

Rate of weight gain

E-2

W/ct P

0.685

0.685

0.699

0.720

0.688

0.701

0.725

0.692

0.708

0.727

0.695

0.712

0.731

0.698

0.715

0.732

0.732

6.861%

-

0.00%

3.78%

9.45%

0.81%

4.32% 

10.80%

1.89%

6.21%

11.34%

2.70%

7.29%

12.42% 

3.51%

8.10%

12.69%

12.69%

W/ct P

0.488

0.498

0.528

0.528 

0.505

0.528 

0.528 

0.514

0.528 

0.528 

0.520

0.528 

0.528

0.524

0.528

0.528

0.528

8.197%

-

3.79%

15.16%

15.16%

15.16%

15.16%

15.16%

6.44%

15.16%

15.16%

15.16%

15.16%

15.16%

15.16%

9.86%

12.13%

13.65% 

E-4

W/ct P

0.423

0.486

0.489

0.489

0.489

0.489

0.489

0.489

0.489

0.489

0.489

0.489

0.489

0.489

0.489

0.489

0.489

15.603%

-

27.55%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

28.87%

E-5
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Figure 11. Hydrophane opals were left in a dry environment for about two weeks after 

the water immersion experiment, play-of-color was recovered, and the diaphaneity 

was reduced (from left to right: E-2, E-4, E-5). Photo by Huixin Zhao.

APPLICATION OF HYDROSCOPICITY  

Hygroscopicity, while interesting to watch, has an im-
portant implication: Any gem material that can easily 
absorb liquids tends to be treated by methods such as 
dyeing or impregnation (Renfro, 2011). Exactly, dyed 
opals commonly seen in the present gem market main-
ly belong to hydrophane opals (figure 12). When soak-
ing in chemical pigment solutions of di"erent colors (i.e. 

Table 4. The Weight (W) of Ethiopian Hydrophane Opals Increases with the  Duration of Immersion and the 
Calculation of Porosity (P).
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