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Abstract 

This paper presents a systematic mineralogical and optical characterization of the twelve 
foundation stones described in Revelation 21:19–20. Using modern gemological 
identification standards, each stone is classified by crystal system, optical class, 
birefringence value, and refractive indices. The central finding is that all twelve minerals, as 
identified by scholarly consensus, belong to anisotropic crystal systems and exhibit 
measurable birefringence—the property of double refraction, in which a single light ray 
splits into two rays traveling at different velocities through the crystal lattice. This optical 
property was not described until Bartholinus (1669) and not explained until Huygens 
(1690), some sixteen centuries after the text was composed. A comparative analysis with the 
twelve stones of the high-priestly breastplate (Exodus 28:17–20) reveals that four to five 
stones were changed in the later list; in each substitution, the replacement stone maintains 
or strengthens the anisotropic optical profile. The probability that twelve minerals selected 
without knowledge of optical crystallography would all exhibit birefringence is examined. 
The paper draws no theological conclusions, confining itself to the mineralogical data and 
the historical observation. 

 

Keywords: birefringence, anisotropy, Revelation 21, foundation stones, crystallography, 
polarization, mineralogy, gemology, high-priestly breastplate 

 

1. Introduction 
The Book of Revelation, the final text of the Christian New Testament (conventionally dated to 
the late first century CE), describes in its closing chapters a visionary city—the “New 
Jerusalem”—whose twelve foundation layers are each composed of a named gemstone. The 
passage (Revelation 21:19–20) enumerates: 

 
"The foundations of the city walls were decorated with every kind of precious 
stone. The first foundation was jasper, the second sapphire, the third 
chalcedony, the fourth emerald, the fifth sardonyx, the sixth sardius, the seventh 
chrysolite, the eighth beryl, the ninth topaz, the tenth chrysoprase, the eleventh 
jacinth, the twelfth amethyst." 

 
This list has attracted scholarly attention from multiple disciplines: theology, archaeology, 
ancient trade history, and gemology.1 The present paper approaches the list from a single, 
narrow angle: modern mineralogical optics. Specifically, it asks: what are the optical 
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crystallographic properties of these twelve minerals, and what pattern, if any, emerges from the 
data? 

The property of central interest is birefringence (also called double refraction)—the 
phenomenon by which a light ray entering an anisotropic crystal is split into two rays, each 
traveling at a different velocity and with mutually perpendicular polarization orientations.2 
Birefringence is a consequence of crystal lattice asymmetry. Minerals crystallizing in the cubic 
system are optically isotropic; they do not split light. All other crystal systems (hexagonal, 
trigonal, tetragonal, orthorhombic, monoclinic, triclinic) are anisotropic and exhibit measurable 
birefringence. 

The question this paper examines is straightforward: are the twelve foundation stones isotropic, 
anisotropic, or a mixture? The answer, documented in Section 3, is that every one of the 
twelve is anisotropic. The implications of this uniformity are left to the reader. 

2. Methodology 

2.1 Mineral Identification 
The identification of ancient gemstone names with modern mineralogical species is a well-
established, if occasionally debated, scholarly enterprise. This paper follows the standard 
identifications established by Bauer (1904), refined by Caley and Richards (1956), and 
confirmed by Harrell (2011), cross-referenced against the Septuagint’s Greek terminology and 
the Gemological Institute of America’s (GIA) reference standards.1 Where alternative 
identifications exist, these are noted in the individual stone entries (Section 3). 

2.2 Optical Data Sources 
Crystallographic and optical data are drawn from standard mineralogical references: Dana’s 
New Mineralogy (Gaines et al., 8th ed.), the GIA’s gemological property tables, the 
International Gem Society’s refractive index database, and the International Tables for 
Crystallography.5 Birefringence values represent the maximum difference between principal 
refractive indices (Δn = |ne – no| for uniaxial minerals; nγ – nα for biaxial minerals). 

2.3 Treatment of Polycrystalline Aggregates 

Several stones in the list (jasper, chalcedony, sardonyx, sardius, chrysoprase) are 
polycrystalline—aggregates of microscopic crystallites rather than single crystals. A potential 
objection is that such aggregates may appear optically isotropic in bulk. This objection, while 
understandable, is incorrect in the context of optical mineralogy: 
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• In petrographic thin section under crossed polarizers, microcrystalline quartz varieties 
(including all five aggregates listed above) display characteristic birefringence colors at 
the individual crystallite level. 

• The birefringence is an intrinsic property of the crystal structure (SiO₂ in the trigonal 
system), not an artifact of specimen size. 

• Standard gemological and petrographic references classify all microcrystalline quartz 
varieties as anisotropic. 

In the data tables that follow, aggregate minerals are marked with an asterisk (*) on the 
birefringence value, and the reported value is the single-crystal birefringence of the constituent 
mineral species.3 

3. The Twelve Foundation Stones: Individual 
Characterization 
Each stone is presented with its scriptural position, Greek name, modern mineral identification, 
chemical formula, crystal system, optical classification, birefringence, and refractive index data. 

3.1  Jasper (Stone 1) 

Greek Name iaspis (ἴασπις) 
Modern 
Identification 

Microcrystalline Quartz 

Chemical Formula SiO₂ 
Crystal System Trigonal 
Optical Class Uniaxial (+) 
Birefringence (Δn) 0.009* 
Refractive Indices 1.535–1.539 
Color/Appearance Various (red, green, brown) 

 
Note: Aggregate; individual crystallites birefringent 

 

3.2  Sapphire (Stone 2) 

Greek Name sappheiros (σάπφειρος) 
Modern 
Identification 

Corundum 

Chemical Formula Al₂O₃ 
Crystal System Hexagonal (Trigonal) 
Optical Class Uniaxial (–) 
Birefringence (Δn) 0.008–0.009 
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Refractive Indices 1.762–1.770 
Color/Appearance Blue (and other colors) 

 
Note: Strong pleochroism; dichroic 

 

3.3  Chalcedony (Stone 3) 

Greek Name chalkēdōn (χαλκηδών) 
Modern 
Identification 

Microcrystalline Quartz 

Chemical Formula SiO₂ 
Crystal System Trigonal 
Optical Class Uniaxial (+) 
Birefringence (Δn) 0.004–0.009 
Refractive Indices 1.530–1.539 
Color/Appearance Grayish-blue to white 

 
Note: Fibrous structure; shows anomalous birefringence patterns 

 

3.4  Emerald (Stone 4) 

Greek Name smaragdos (σμάραγδος) 
Modern 
Identification 

Beryl (var. Emerald) 

Chemical Formula Be₃Al₂(SiO₃)₆ 
Crystal System Hexagonal 
Optical Class Uniaxial (–) 
Birefringence (Δn) 0.004–0.010 
Refractive Indices 1.565–1.602 
Color/Appearance Green (Cr/V-bearing) 

 
Note: Strong dichroism: green/blue-green 

 

3.5  Sardonyx (Stone 5) 

Greek Name sardonux (σαρδόνυξ) 
Modern 
Identification 

Banded Chalcedony 

Chemical Formula SiO₂ 
Crystal System Trigonal 
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Optical Class Uniaxial (+) 
Birefringence (Δn) 0.004–0.009 
Refractive Indices 1.530–1.539 
Color/Appearance Red-white bands 

 
Note: Alternating sard and white chalcedony layers 

 

3.6  Sardius (Stone 6) 

Greek Name sardion (σάρδιον) 
Modern 
Identification 

Carnelian/Sard 

Chemical Formula SiO₂ 
Crystal System Trigonal 
Optical Class Uniaxial (+) 
Birefringence (Δn) 0.004–0.009 
Refractive Indices 1.530–1.539 
Color/Appearance Reddish-orange to brown 

 
Note: Iron oxide coloring; used in ancient Near East seals 

 

3.7  Chrysolite (Stone 7) 

Greek Name chrysolithos (χρυσόλιθος) 
Modern 
Identification 

Olivine/Peridot 

Chemical Formula (Mg,Fe)₂SiO₄ 
Crystal System Orthorhombic 
Optical Class Biaxial (+) 
Birefringence (Δn) 0.036–0.038 
Refractive Indices 1.654–1.690 
Color/Appearance Yellow-green to olive 

 
Note: Strongest birefringence in group; visible doubling in large specimens 

 

3.8  Beryl (Stone 8) 

Greek Name bēryllos (βήρυλλος) 
Modern 
Identification 

Beryl 
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Chemical Formula Be₃Al₂(SiO₃)₆ 
Crystal System Hexagonal 
Optical Class Uniaxial (–) 
Birefringence (Δn) 0.004–0.009 
Refractive Indices 1.565–1.602 
Color/Appearance Various (aquamarine, golden, pink) 

 
Note: Same species as emerald; lower chromium content 

 

3.9  Topaz (Stone 9) 

Greek Name topazion (τοπάζιον) 
Modern 
Identification 

Topaz 

Chemical Formula Al₂SiO₄(F,OH)₂ 
Crystal System Orthorhombic 
Optical Class Biaxial (+) 
Birefringence (Δn) 0.008–0.010 
Refractive Indices 1.609–1.643 
Color/Appearance Colorless, yellow, blue, pink 

 
Note: Perfect basal cleavage; strongly pleochroic in colored varieties 

 

3.10  Chrysoprase (Stone 10) 

Greek Name chrysoprason (χρυσόπρασον) 
Modern 
Identification 

Ni-Chalcedony 

Chemical Formula SiO₂ + NiO 
Crystal System Trigonal 
Optical Class Uniaxial (+) 
Birefringence (Δn) 0.004–0.009 
Refractive Indices 1.530–1.539 
Color/Appearance Apple green 

 
Note: Nickel-bearing variety; rarest chalcedony 

 

3.11  Jacinth (Stone 11) 
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Greek Name hyakinthos (ὑάκινθος) 
Modern 
Identification 

Zircon 

Chemical Formula ZrSiO₄ 
Crystal System Tetragonal 
Optical Class Uniaxial (+) 
Birefringence (Δn) 0.036–0.059 
Refractive Indices 1.810–1.987 
Color/Appearance Reddish-orange to reddish-brown 

 
Note: Highest birefringence in group; dramatic doubling visible to naked eye 

 

3.12  Amethyst (Stone 12) 

Greek Name amethystos (αμέθυστος) 
Modern 
Identification 

Quartz (var. Amethyst) 

Chemical Formula SiO₂ 
Crystal System Trigonal 
Optical Class Uniaxial (+) 
Birefringence (Δn) 0.009 
Refractive Indices 1.544–1.553 
Color/Appearance Purple (Fe³⁺ irradiation) 

 
Note: Piezoelectric; used in modern oscillators and frequency standards 
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4. Consolidated Data Table 
Table 1 presents the optical data for all twelve stones in a single reference table, ordered by 
scriptural position. 

 
# Stone Mineral System Opt. Class Δn RI Range Formula 
1 Jasper Microcr. Qtz Trigonal Uniaxial (+) 0.009* 1.535–1.539 SiO₂ 
2 Sapphire Corundum Hex. (Trig.) Uniaxial (–) 0.008–

0.009 
1.762–1.770 Al₂O₃ 

3 Chalcedony Microcr. Qtz Trigonal Uniaxial (+) 0.004–
0.009 

1.530–1.539 SiO₂ 

4 Emerald Beryl (Em.) Hexagonal Uniaxial (–) 0.004–
0.010 

1.565–
1.602 

Be₃Al₂(SiO₃)₆ 

5 Sardonyx Band. Chalc. Trigonal Uniaxial (+) 0.004–
0.009 

1.530–1.539 SiO₂ 

6 Sardius Carnelian Trigonal Uniaxial (+) 0.004–
0.009 

1.530–1.539 SiO₂ 

7 Chrysolite Olivine Orthorhombic Biaxial (+) 0.036–
0.038 

1.654–
1.690 

(Mg,Fe)₂SiO₄ 

8 Beryl Beryl Hexagonal Uniaxial (–) 0.004–
0.009 

1.565–
1.602 

Be₃Al₂(SiO₃)₆ 

9 Topaz Topaz Orthorhombic Biaxial (+) 0.008–
0.010 

1.609–
1.643 

Al₂SiO₄(F,OH)₂ 

10 Chrysoprase Ni-Chalc. Trigonal Uniaxial (+) 0.004–
0.009 

1.530–1.539 SiO₂ + NiO 

11 Jacinth Zircon Tetragonal Uniaxial (+) 0.036–
0.059 

1.810–1.987 ZrSiO₄ 

12 Amethyst Qtz (Am.) Trigonal Uniaxial (+) 0.009 1.544–1.553 SiO₂ 
 

Table 1. Consolidated crystallographic and optical data for the twelve foundation stones of 
Revelation 21:19–20. Asterisked (*) birefringence values indicate single-crystal 
measurements for polycrystalline aggregates (see Section 2.3). 

5. Analysis: Crystal System Distribution 
The twelve stones distribute across four of the seven crystal systems: 

Crystal System Count Stones 
Trigonal 7 Jasper, Chalcedony, Sardonyx, Sardius, Chrysoprase, Amethyst, 

Sapphire* 
Hexagonal 2 Emerald, Beryl 
Orthorhombic 2 Chrysolite, Topaz 
Tetragonal 1 Jacinth 
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* Sapphire (corundum) crystallizes in the hexagonal system but belongs to the trigonal 
subsystem (space group R̄c). It is classified here under trigonal for precision. 

 

The distribution is notable for what it excludes: the cubic system. Among gemstones valued in 
the ancient world, cubic minerals are well represented: diamond (C), garnet (various), spinel 
(MgAl2O4), fluorite (CaF2), and pyrite (FeS2) are all cubic and were known to ancient 
civilizations. Cubic minerals are optically isotropic—they do not split light and exhibit zero 
birefringence. None appears in either the Revelation list or the Exodus breastplate list. 
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6. Comparative Analysis: The High-Priestly Breastplate and 
the Foundation Stones 
The twelve foundation stones of Revelation 21 bear a well-documented literary relationship to 
the twelve stones of the high-priestly breastplate described in Exodus 28:17–20.4 The two lists 
share a majority of stones but are not identical. Using the Septuagint (LXX) rendering as the 
basis for comparison (the New Testament being a Greek composition), the key differences are: 

Position Breastplate (LXX) Foundation (Rev.) Change? 
1 Sardius Jasper Changed 
2 Topaz Sapphire Changed 
3 Emerald Chalcedony Changed 
4 Carbuncle (Garnet?) Emerald Changed (Garnet → Emerald) 
5 Sapphire Sardonyx Changed 
6 Jasper Sardius Rearranged 
7 Ligure (Jacinth?) Chrysolite Changed 
8 Agate Beryl Changed 
9 Amethyst Topaz Rearranged 
10 Chrysolite Chrysoprase Changed 
11 Beryl Jacinth Rearranged 
12 Onyx Amethyst Changed 

 

Critical Observation 
The most significant substitution is at Position 4: the breastplate’s “carbuncle” (LXX: 
anthrax), widely identified as garnet, is replaced by emerald in the Revelation list. This is 
noteworthy because garnet (almandine, pyrope, etc.) crystallizes in the cubic system and 
is isotropic—the only stone in the breastplate with this optical classification. Its 
replacement by emerald (hexagonal, uniaxial, birefringence 0.004–0.010) converts the list 
from eleven anisotropic + one isotropic to twelve anisotropic. This is the only 
substitution that changes the optical classification of the list. 

 

7. Statistical Observation 
The question naturally arises: how likely is it that twelve gemstones, selected from the minerals 
known and valued in the ancient Mediterranean world, would all belong to anisotropic crystal 
systems? 

A precise probability calculation requires defining the sample space—the set of gemstones from 
which the selection was drawn. This is inherently somewhat subjective, as it depends on which 
minerals were known, available through trade, and valued as ornamental stones in the first 
century CE. However, a reasonable estimate can be constructed: 
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• Among the approximately 25–30 gemstone minerals known and traded in the ancient 
Near East and Mediterranean, roughly 5–7 are cubic (isotropic): diamond, garnet 
(multiple species), spinel, fluorite, pyrite, and possibly lapis lazuli (a rock, not strictly a 
single mineral, but effectively isotropic in bulk). 

• This yields an approximate base rate of 75–80% anisotropic minerals among ancient 
gemstones. 

• The probability of selecting 12 anisotropic minerals from a pool where ~78% are 
anisotropic, by chance: P ≈ 0.78¹² ≈ 0.055 (approximately 5.5%). 

The actual probability is likely lower, because several highly prized ancient gemstones (garnet in 
particular was extensively used and traded) are cubic. The exclusion of all cubic minerals from 
both lists (Exodus and Revelation) reduces the joint probability further.6 

This paper does not propose a mechanism for this observation. It simply notes that the 
probability of the observed outcome under the null hypothesis (random selection without 
knowledge of optical properties) is low, and that the deviation from expectation increases when 
the Exodus–to–Revelation substitution at Position 4 is considered. 

8. Birefringence Range and Distribution 
The twelve stones span a wide range of birefringence values: 

Birefringence Category Count Stones 
Very Strong (Δn > 0.030) 2 Jacinth (0.036–0.059), Chrysolite (0.036–0.038) 
Moderate (Δn 0.008–0.010) 4 Sapphire (0.008–0.009), Topaz (0.008–0.010), 

Emerald (0.004–0.010), Amethyst (0.009) 
Weak (Δn 0.004–0.009) 6 Beryl, Chalcedony, Sardonyx, Sardius, 

Chrysoprase, Jasper 
 

The presence of jacinth (zircon) is particularly striking. Zircon’s birefringence is so extreme (Δn 
up to 0.059) that doubling is visible to the naked eye—back facet edges appear as doubled 
lines when viewed through the stone. This effect was certainly observable in antiquity, though it 
would not have been understood as double refraction. 

Chrysolite (olivine/peridot) shows the second-highest birefringence in the group at 0.036–
0.038, also producing visible doubling in larger specimens. The remaining stones show weaker 
but still measurable birefringence, uniformly above zero. 

9. Historical Context: What Could a First-Century Author 
Have Known? 
The science of crystal optics developed in the following sequence: 
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Date Scientist Contribution 
1669 Bartholinus First description of double refraction in Iceland spar (calcite) 
1690 Huygens Wave theory explanation of birefringence 
1808 Malus Discovery of light polarization; formulation of Malus’s Law (I = 

I₀cos²θ) 
1811–1813 Brewster Classification of uniaxial and biaxial crystals 

1821 Fresnel Complete theory of polarization and double refraction 
1828 Nicol Invention of the Nicol prism (first practical polarizing device) 

 

The text of Revelation is conventionally dated to approximately 95 CE (late first century). At that 
time, no known scientific framework existed for understanding optical anisotropy, 
birefringence, or polarization. Pliny the Elder (23–79 CE), the most comprehensive ancient 
source on mineralogy (Naturalis Historia, Book 37), describes gemstones by color, hardness, 
origin, and therapeutic properties—never by optical behavior under polarized light, which could 
not have been tested without instruments that would not exist for another sixteen centuries. 

A first-century author selecting gemstones could have chosen on the basis of color, cultural 
significance, trade value, or symbolic tradition. There is no mechanism by which a first-
century author could have selected on the basis of birefringence. The property had 
not been observed, named, or conceptualized. 

10. Conclusion 
This paper has documented a single, verifiable observation: the twelve foundation stones named 
in Revelation 21:19–20, as identified by modern gemological consensus, are uniformly 
anisotropic. Every stone exhibits measurable birefringence. No cubic (isotropic) mineral 
appears in the list. 

When compared with the high-priestly breastplate of Exodus 28, the one substitution that alters 
the optical classification of the list—garnet (cubic, isotropic) replaced by emerald (hexagonal, 
anisotropic)—moves the collection from near-uniformity to complete uniformity. 

The probability of this outcome under the null hypothesis of selection without optical knowledge 
is approximately 5.5%, and likely lower when the garnet substitution is weighted. 

This paper draws no conclusion beyond the data. It presents the mineralogical facts, the 
historical timeline, and the statistical observation, and leaves interpretation to the reader. 

The stones speak for themselves. 
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Appendix A: Glossary of Optical Mineralogy Terms 

Term Definition 
Anisotropic Having different physical properties in different crystallographic directions. In 

optics, anisotropic minerals exhibit birefringence (double refraction). 

Biaxial An anisotropic mineral with two optic axes (orthorhombic, monoclinic, or 
triclinic crystal systems). Characterized by three principal refractive indices 
(nα, nβ, nγ). 

Birefringence (Δn) The numerical difference between the highest and lowest refractive indices of 
an anisotropic mineral. Measured as Δn = n_e – n_o (uniaxial) or n_γ – n_α 
(biaxial). 

Crystal System One of seven categories of crystal symmetry: cubic, hexagonal, trigonal, 
tetragonal, orthorhombic, monoclinic, triclinic. 

Double Refraction The splitting of a single light ray into two rays (ordinary and extraordinary) 
upon entering an anisotropic crystal. Synonym for birefringence. 

Isotropic Having identical physical properties in all directions. Cubic minerals and 
amorphous materials are optically isotropic: they do not split light. 

Pleochroism The property of showing different colors when viewed along different 
crystallographic axes. A consequence of anisotropy. 

Refractive Index (n) The ratio of the speed of light in vacuum to its speed in the mineral. Higher n 
= slower light = denser medium. 

Uniaxial An anisotropic mineral with one optic axis (hexagonal, trigonal, or tetragonal 
crystal systems). Characterized by two principal refractive indices (n_o, n_e). 
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