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Study of organic matter in immature sediments from a Messinian evaporitic basin shows
that consideration of structures, modes of occurrence, and carbon isotopic compositions
of free and sulfur-bound carbon skeletons allow identification of biochemical precursors.
Detailed information concerning biotic communities present during deposition of sediments
can be retrieved in this way. Moreover, unprecedented biochemicals were recognized;
these extend the horizon of biomarker geochemistry.

Examination of organic compounds pre-
served in sedimentary rocks has become an
important approach to reconstruction of
ancient environments (I, 2). The molecu-
lar structures of many sedimentary hydro-
carbons can be related to those of precursor
lipids characteristic of specific organisms.
Then, from knowledge of which organisms
were present, aspects of the ancient envi-
ronment can be deduced. Precise resolution
of biological sources can, however, be dif-
ficult because structures of primary biosyn-
thetic products are commonly altered by
microbial reworking and chemical transfor-
mations. Many of the “biomarkers” are thus
defunctionalized, sometimes obscuring
their precursor origins. Before defunction-
alization, however, lipids may react with
inorganic sulfides (HS_, x = 1 to 5) to form
organic sulfur compounds (OSC) (3).
These sulfurized biomarkers are less suscep-
tible to microbial attack, and their struc-
tures provide clues about the nature and
former positions of functional groups (4)
and thus the paleoenvironment (5, 6).
Isotopic compositions of geolipids approxi-
mate those of their biological precursors,
which are, in turn, determined by (i) the
isotopic composition of the carbon assimi-
lated by the organism and (ii) the biochem-
ical processes involved in their synthesis
(7). The isotopic composition therefore
encodes information about the source orga-
nism and its habitat (7, 8).

In this report we show that the combined
application of organic-sulfur geochemistry
and isotopic analysis can yield a further
recovery of paleoenvironmental informa-
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tion. We tested this approach in five S-rich,
immature sediments reflecting one evapor-
itic cycle in the Messinian Vena del Gesso
Basin (northern Apennines, Italy) deposited
5.2 million years ago during the salinity
crisis in the Mediterranean (9). The extracts
of these sediments were separated into hy-
drocarbon, alkylthiophene, alkylsulfide, and
polar fractions (10), the latter containing
sulfide-linked macromolecular aggregates
(11) and ether-linked lipids (12). All frac-
tions were quantitatively analyzed by gas
chromatography—mass spectrometry (GC-
MS). Fractions from one marl sample were
also analyzed by isotope-ratio-monitoring
GC-MS in order to determine C isotopic
compositions of individual compounds (13).

A few of the C skeletons were extracted
as free hydrocarbons, the rest were recov-
ered from sulfurized biomarkers. The latter
group comprised compounds containing
S-heterocyclic rings and having molecular
weights (MW) up to ~500 daltons and
aggregates (MW >500 daltons) of diverse
carbon skeletons linked by sulfide bridges.
Their formation most likely involved attack
by inorganic sulfides on functionalized
(mainly double bonds) biolipids to form a
C-S bond (4, 14). The reactive intermedi-
ate thus formed is stabilized by formation of
a second C-S bond. If this second reaction
is intramolecular, a cyclic product (15) is
formed. This occurs only when two sites
suitable for C-S bond formation are sepa-
rated by fewer than four sp>-hybridized C
atoms (4). When this condition is not met,
intermolecular reactions yield aggregates of
C skeletons (11). Consequently, the posi-
tions and number of functional groups of
the precursor biolipid control partitioning
of the C skeleton among the various modes
of occurrence.

For example, the dinosterane (I, Fig. 1)
and di-aromatic carotenoid (II) C skeletons
occur exclusively in the macromolecular
fraction (Table 1). In the case of dinoster-
ane, this occurs because the functionalized
positions in both the putative precursor
biolipid, dinosterol (III), and its early dia-
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genetic product, dinosterene, are separated
by many more than four methylene groups.
The precursor of the diaromatic carotenoid
skeleton (II) is a highly unsaturated pig-
ment synthesized by photosynthetic bacte-
ria (16). Within such polyenes, sites for
attack by sulfur are numerous, and multiple
reactions are possible. Formation of at least
one intermolecular S-linkage is thus likely
even though the reactive sites are separated
by less than four methylene groups. Carbon
skeletons I and II occur only as S-bound
products, which indicates that their precur-
sors were sulfurized much faster than they
were hydrogenated. If I and II are represen-
tative, it follows that free hydrocarbons in
immature sediments must never have con-
tained functional groups providing sites for
attack by sulfur. Consequently, the free
hydrocarbons must have been biosynthe-
sized as such.

Detailed study of structures of OSC al-
lows resolution of multiple chemical fossils
that have the same C skeleton but different
origins. For example, the squalane C skele-
ton occurs in four forms (Table 1). These
can be related to at least three precursors
(Fig. 2): (i) the saturated hydrocarbon
squalane (A); (ii) octahydrosqualene (B), a
distinct biosynthetic product apparently of
bacterial origin (17); and (iii) the prominent
biosynthetic product, squalene (C). As with
11, S-linked products derived from the poly-
ene (C) are concentrated in the macromo-
lecular fraction. In contrast, B is expected to
stabilize S-linkages primarily through intra-
molecular cyclization, forming products like
the thiane D and the thiophene E. The
separate origins for the squalane C skeletons
are established by their distinct C isotopic
compositions (Table 1). The free hydrocar-
bon has the highest 3'°C value (18), and the
two stereoisomers of the alkylthiane have
the lowest values. It is not plausible that the
different values derive from postdepositional
isotopic fractionation. Sulfurization, for ex-
ample, would fractionate C isotopes only at
the positions participating in formation of
C-S bonds; the fractionation required to
explain the overall difference of 10 per mil
(—31.6 versus —41.5 per mil) would exceed
by orders of magnitude those consistent with
any known isotope effects. Accordingly, sep-
arate biosynthetic origins are required for the
identical C skeletons and are most logically
related to differences in source organisms
and their habitats.

Sources can be resolved in greater detail
if isotopic analysis precedes desulfurization.
For example, there are two different alkyl-
thiophenes with the n-octadecane C skele-
ton. Desulfurization combines these C
pools. As shown in Fig. 3A, however,
when the isomeric alkylthiophenes are sep-
arated by GC and analyzed separately, the
3!3C value of 2-tetradecylthiophene is 13
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per mil greater than that of 2-methyl-5-
tridecylthiophene. The precursors of these
compounds must have differed in placement
of double bonds or other functional groups,
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and their isotopic compositions require dis-
tinct biosynthetic sources. The other
n-alkylthiophene clusters (Fig. 3A) show
similar complexities and an interesting reg-

Table 1. Mode of occurrence, abundance, and isotopic composition of C skeletons and their
inferred precursor paleobiochemicals and source organisms. Carbon skeletons are identified in
Figs. 1 and 2 and text. Carbon skeletons occur in the following modes: free hydrocarbons (free),
alkylthiophene (TP), alkythiolane (TL), alkylthiane (TN), alkyldithiane (DT), alkyltrithiepane (TT),
macromolecularly S-bound moiety (S-bd), and ether-bound moiety (E-bd). Isotopic analyses are
average of two to six replicate measurements; standard deviation of measurements is typically less
than 0.5 per mil and in all cases is less than 1.0 per mil. Abbreviations are gly, glycerol; di-ar,
di-aromatic; der., derivatives; Meth. archbact., methanogenic archaebacteria; Chem., chemau-
totrophic; Heterotr. bact., heterotrophic bacteria; Chrom., Chromatiaceae.

Abundance (mg 8'3C ) ) .
C skeleton Mode kg~ extract) (per mil) Paleobiochemical ~ Source organism
hentriacontane  Free 1900 —28.8 hentriacontane Higher plants
S-bd 560 -17.7 n-Cg, (poly)ene Blooming algae
C,oHBI (V) Free 200 -17.7 Cy (poly)ene HBI Blooming algae
alkane
C,s HBI (IX) TP(VIN) 30 -27.3* C,g HBI diene Diatoms
S-bd 120 -23.9 C,s HBI (poly)ene  Algae
phytane (XIX) Free 90 -32.8 phytane —
TPXIIN) 200 -30.6 phytol Algae/Chrom.
TPXIV) 290 -30.3 phytol Algae/Chrom.
TL(XV) 520 -30.2 phytol Algae/Chrom.
DT(XVI) 930 -30.1 phytol Algae/Chrom.
TTXVIIN) 300 -30.8 phytol Algae/Chrom.
S-bd 6400 -30.5 phytol Algae/Chrom.
PME (XI) Free 270 —-25.8 PME Algae-meth.
archbact.
squalane (A) Free 40 -31.6 squalane Chem. bacteria
TP(E) 20 -36.6* B Chem. bacteria
TN(D)t 440 -41.5 B Chem. bacteria
—40.4 B Chem. bacteria
S-bd 400 -33.2 squalene (C) Chem. bacteria
lycopane (X) Free 870 -25.3 lycopane Algae
X E-bd ND —-23.9 gly di- or tetraether  Meth. archbact.
XXt E-bd ND -211 gly tetraether Meth. archbact.
XXiv E-bd ND —-20.5 gly tetraether Meth. archbact.
xXxXv E-bd ND —20.6 gly tetraether Meth. archbact.
cholestane IV¥  S-bd 2000 —26.3§ cholesterol Algae
dinosterane (I)  S-bd 510 -26.3 dinosterol (11l Dinoflagellates
XX TPXXII) 90 —26.3*  hopanetetrol der. Heterotr. bact.
S-bd 460 -22.7 hopanetetrol der. Cyanobacteria
] S-bd 2400 -10.7 di-ar. carotenoid Chlorobiaceae

*|sotope analyses were performed on desulfurized compound.

tected.  15a(H),14a(H),17a(H)-cholestane.

stane carbon skeleton. JIAlso hexahydrosqualene.
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1Two stereoisomers (cis and trans) were de-
§The macromolecularly S-bound 5B(H),14a(H),17a(H)-cholestane,
and 24-ethylcholestanes are isotopically identical to the macromolecularly S-bound 5a(H),14a(H),17a(H)-chole-
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ularity: Enrichment in '*C first shows up at
C,s and involves a thiophene ring with a
single C4-alkyl substituent. Subsequent
enrichments involve a series of thiophenes
with a Cy, n-alkyl substituent and an ex-
tending alkyl chain on the other side of the
thiophene ring. Thus, at C,q, 2-methyl-5-
tetradecylthiophene is enriched in °C; at
C,0,  2-ethyl-5-tetradecylthiophene  is
strongly enriched in >C, and so forth. The
differing levels of enrichment (—12.9 ver-
sus —17.9 versus —9.5 per mil, and so
forth) can be associated with varying levels
of dilution of a single family with a high
3!2C value, which must be —9.5 per mil or
greater. These observations indicate that a
series of n-alkyl lipids was present in the
paleoenvironment, as depicted in Fig. 3B.
This series of precursors is thought to have
resulted from an unknown biochemical
pathway involving chain elongation of C;g
n-alkadienes.

Long-chain n-alkanes with odd C num-
bers are much more abundant than even C
homologs in the range C,5 to C;; [C pref-
erence index (19) = 6.3 in marl-2]. Such
distributions are characteristic of n-alkanes
biosynthesized by vascular plants (20), and
the 8"°C values (—29.8 to —28.8 per mil
for all C,5 to C;; homologs) are consistent
with derivation from land plants (21). Vari-
ations in the abundance of these com-
pounds with depth (Fig. 4A) indicate vari-
ations in the contributions of terrigenous
organic matter to the Vena del Gesso sed-
iments.

Dinosterol (III) is biosynthesized exclu-
sively by dinoflagellate algae (2, 22).
Therefore, the §'>C value of the macromo-
lecularly S-bound dinosterane C skeleton
(Table 1) is an indication of the isotopic
composition of polyisoprenoid lipids pro-
duced by dinoflagellates. Other eukaryotic
algae utilizing the same C source (same
isotopic composition, same concentration
of dissolved CO,) as the dinoflagellates are
likely to have produced polyisoprenoid C
skeletons with similar isotopic composi-
tions. Because the 8'°C value for dinoster-
ane is —26.3 per mil and polyisoprenoid
lipids are commonly depleted in °C rela-
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Fig. 2. Schematic rationale for the observed distribution of the squalane C skeleton in marl-2. Sulfur
incorporation into compounds B and C will yield the OSC D and E and the macromolecularly
S-bound squalane C skeleton. However, alkylthiophene E and alkylthiane D are isotopically distinct
(Table 1), and thus an additional precursor has to be invoked. A hexahydrosqualene with the double
bonds situated in the middle of the C skeleton (not shown) could be a suitable precursor substrate
for the formation of alkylthiophene D. The depicted example of macromolecularly S-bound squalane
is only consistent with S-incorporation into polyene C.

tive to total biomass by ~3 per mil (23),
the estimated 8'>C value for one compo-
nent of primary production in the Vena del
Gesso paleoenvironment is near —23.3 per
mil. Isotopic compositions of other steroi-
dal carbon skeletons (IV to VI), which are
also exclusively bound in the S-linked mac-
romolecular aggregates, are consistent with
this interpretation. Variations in the con-
centration of S-bound steranes (for exam-
ple, dinosterane, Fig. 4B) likely reflect vari-
ations in the abundance of eukaryotic algae
in the paleoenvironment.

The macromolecularly S-bound n-Cj,
skeleton almost certainly also derives from
an aquatic phototroph. Long-chain n-alk-
enes are abundant in the coccolithophorid
Emiliana huxleyi (24) and in the (freshwa-
ter) green alga Botryococcus braunii (25),
and such molecules should be bound in the
macromolecular fraction. The 8'>C value of
the n-C;, skeleton (—17.7 per mil) is,
however, different from that of the steroidal
C skeletons (Table 1). This difference sug-
gests that isotopic compositions of primary
materials in the environment may have
varied significantly because of ecological

[for example, blooming (26)] or physiolog-
ical [for example, bicarbonate pumping
(21)] factors. The C,, highly branched
isoprenoid (HBI) alkane (VII), possibly
derived from the green alga Ente'romm;)
prolifera (27), is similarly enriched in ’C.
A common biological source for precursors
of the C,, HBI alkane and the macromolec-
ularly S-bound n-Cj; is suggested by this
enrichment and by their similar concentra-
tion profiles in the marl sequence (Figs. 4, C
and D). However, their concentration pro-
files in the stromatolite and the gypsum
layers are distinct, and thus another biolog-
ical source during the deposition of these
layers has to be invoked for the n-C;; alk-
enes.

The C,5 HBI alkylthiophene (VIII) is
probably formed by S incorporation into a
C,5 HBI diene (28) biosynthesized by dia-
toms (29), as implied by its similar isotopic
signature to that of the algal-derived ster-
anes (Table 1). The macromolecularly
S-bound C,5 HBI skeleton (IX) has a dif-
ferent precursor as reflected by its different
mode of occurrence and isotopic composi-
tion (Table 1). However, the similar depth

profiles of VIII and S-bound IX suggest
that the different source organisms had a
comparable habitat.

It is not unusual for 83C values of
primary products to vary significantly. Iso-
topic fractionation associated with photo-
synthetic C fixation can be influenced by
the concentration of dissolved CO, (21)
and rate of growth (26). Particular algae
tend to be enriched in *C (for example,
diatoms), and the range of values can ex-
ceed 10 per mil (26). Considering potential
biological variability and the possibility of
rapid growth resulting in drawdown of dis-
solved CO,, we suggest that lipids derived
from primary producers in the Vena del
Gesso water column had 8'>C values of
—26 to —17 per mil.

On structural and isotopic grounds, the
C4o di-aromatic carotenoid skeleton (II;
313C = —10.7 per mil, Table 1) apparently
was derived from photosynthetic green sul-
fur bacteria [Chlorobiaceae (16)]. These or-
ganisms fix C through the reverse tricarbox-
ylic acid cycle and produce biomass strongly
enriched in >C (30). These phototrophs
are obligately anaerobes, and the paleoen-
vironment must therefore have included an
anaerobic photic zone, at least during an
interval of evaporite deposition (Fig. 4F).
The similarity of the extreme §'>C values of
the di-aromatic carotenoid and the '*C
enriched series of n-alkylthiophenes (Table
1 and Fig. 3A) suggests that Chlorobiaceae
also produce a series of n-alkyl lipids (Fig.
3B), which have been unknown in these
organisms.

Lycopane (X) must represent a direct
input because it occurs as a free hydrocar-
bon. The carotenoid lycopene or the lyco-
padiene, biosynthesized by Botryoccoccus
braunii race L (31) and both commonly
invoked as precursors for lycopane found in
sediments are thus ruled out. The 3'C
value of lycopane falls in the range of values
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an evaporitic cycle of the
Messinian Vena del Gesso
Basin of: (A) 2(C,s to Cgy)
n-alkanes, (B) macromolecu-
larly S-bound dinosterane,
(C) C,, HBI alkane, (D) mac-
romolecularly S-bound hen-
triacontane, (E) C,5 HBI alkyl-
thiophene, (F) macromolec-
ularly S-bound di-aromatic
carotenoid  skeleton, (G)

squalane, (H) alkylthiophene
with squalane C skeleton (E,
Fig. 2), () macromolecularly
S-bound squalane skeleton. Gyp, gypsum; St,
stromabolite layer; M, marl. Concentration is in
milligrams of extract per kilograms.

of algal polyisoprenoids and is thus consis-
tent with an algal derivation (17).

The acyclic polyisoprenoid C skeleton,
2,6,10,15,19-pentamethyleicosane (PME,
XI) also occurs as the free hydrocarbon and
is thus likely unaltered. It also has been
reported in methanogenic and thermoaci-
dophilic archeabacteria (32). Thus PME
has been proposed as a marker for methano-
genic activity in Recent and immature oce-
anic sediments (33). Although the 8C
value of PME is close to that of the ether-
linked C,q isoprenoids (XII) derived from
methanogenic archaebacteria (see below),
it is identical to that of the algal-derived
lycopane. The frequently reported co-oc-
currence of PME and lycopane in both
water columns and sediments (17, 33) fur-
ther supports an algal origin of PME.

The macromolecularly S-bound phytane
C skeleton and the low-molecular-weight
OSC possessing a phytane C skeleton (XIII
to XVII) result from sulfur incorporation
into phytol-derived phytadienes (11). Phy-
tol (XVIII) is considered to be an excellent
molecular marker of photosynthetic orga-
nisms. However, the isotopic composition
of the S-bound phytane skeletons falls out-
side the range suggested for lipids of aerobic
photoautotrophs and thus indicates that the
S-bound phytanes must derive at least par-
tially from other sources. Photosynthetic
purple sulfur bacteria (Chromatiaceae) pro-
duce phytol side chains and often co-occur
with Chlorobiaceae. On chemical grounds,
phytane (XIX) occurring as the free hydro-
carbon is not derived from phytadienes, an
inference supported by its distinct isotopic
composition (Table 1) and depth profile.

All of the precursors of the squalane (A,
Fig. 2) C skeleton (see above and Table 1)
have been identified in various strains of
archaebacteria (32). In addition, squalene
is the biosynthetic precursor for cyclic tri-
terpenoids and is thus present in almost any
prokaryote or eukaryote. Thus multiple
sources are likely. The relatively low 8'3C
values may suggest, at least in part, a

650| o
Concentration (mg/kg)

derivation from chemoautotrophic bacte-
ria because dissolved CO, at the oxic-
anoxic boundary is often depleted in *C
(34) and present in enhanced concentra-
tions that lead to increased isotopic frac-
tionation (21). The different depth pro-
files of the squalane C skeleton in its
different modes (Fig. 4, G to I) also reflect
multiple sources and, presumably, pa-
leocenvironmental changes.

The Cjs5 hopanoid skeleton (XX) is
observed in two modes of occurrence, and a
dual source has to be invoked. The precur-
sors of these sulfurized lipids are the bacte-
riohopanetetrol (XXI) derivatives exclu-
sively biosynthesized by heterotrophic bac-
teria and cyanobacteria (35). The isotopic
composition of the C;5 hopanoid thiophene
(XXII) is the same as that of the sterane C
skeletons (Table 1) and suggests that its
precursor lipid is derived from hetero-
trophic bacteria consuming the primary
photosynthate with a high conversion effi-
ciency (7). Moreover, the abundance of the
C;5 hopanoid thiophene is 1/10 to 1/50 of
that of the lipids derived from primary pro-
ducers (Table 1), in accordance with orga-
nisms living one trophic level higher in the
paleoenvironment. In contrast to the
thiophene, the macromolecularly S-bound
C;5 hopane carbon skeleton has a 8"C
value 3.6 per mil higher than that of most of
the lipids derived of aerobic photoauto-
trophic origin (Table 1). A distinct source,
probably cyanobacterial, is required.

The ether-bound C,q isoprenoid hydro-
carbons XII and XXIII to XXV originate
from isoprenoid glycerol ethers, exclusively
found as membrane constituents of archae-
bacteria (36). The 8'°C values (Table 1)
indicate that the cyclized isoprenoids
(XXIII to XXV) have a common source
that is distinct from that of the acyclic Cyg
isoprenoid (XII). Ether-bound C,, iso-
prenoids possessing cyclopentane rings are
widespread in thermophilic archaebacteria
and occur also in nonthermophilic meth-
anogenic archaebacteria (36, 37). Glycerol
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ethers possessing acyclic C4y isoprenoid
chains (XII) are reported in methanogenic
and thermophilic archaebacteria (36). We
propose that these ether-bound lipids orig-
inate from methanogens because derivation
from thermophilic archaebacteria (that is,
organisms living at 50° to 110°C) would be
inconsistent with all the other data that
point to a water temperature probably not
exceeding 25°C. Although bacterial sulfate
reduction must have been important in the
paleoenvironment, some methanogenic ac-
tivity cannot be excluded because certain
methanogens can compete with sulfate re-
ducers for specific substrates, such as meth-
anol and methylated amines (38). One of
these methanogens, Methanosarcina barkeri,
indeed biosynthesizes glycerol ethers with
cyclized C,q isoprenoid chains [XXIII to
XXV (37)]. Because the hopanoids and
acyclic isoprenoids are not strongly de-
pleted in *C (< —50 per mil) cycling of
methane was a less important process in the
paleoenvironment (8).

The above demonstrates that isotopic
compositions and modes of S-binding to-
gether provide valuable information regard-
ing identities and sources of biolipid precur-
sors of sedimentary biomarkers. Moreover,
recognition of such paleobiochemicals may
stimulate new studies on the modern biota
and lead to improved views of the evolution
of biosynthetic pathways.
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Contact Electrification and Adhesion Between
Dissimilar Materials

Roger G. Horn and Douglas T. Smith

Simultaneous measurements of surface force and surface charge demonstrate strong
attraction due to the spontaneous transfer of electrical charge from one smooth insulator
(mica) to another (silica) as a result of simple, nonsliding contact in dry nitrogen. The
measured surface charge densities are 5 to 20 millicoulombs per square meter after
contact. The work required to separate the charged surfaces is typically 6 to 9 joules per
square meter, comparable to the fracture energies of ionic-covalent materials. Observation
of partial gas discharges when the surfaces are approximately 1 micrometer apart gives
valuable insight into the charge separation processes underlying static electrical phenom-

ena in general.

Contact electrification, manifest as static
or triboelectricity, is a well-known effect
whose consequences can be very irksome or
very beneficial depending on the circum-
stances. Despite the familiarity and impor-
tance of this phenomenon, there is limited
understanding of the fundamental mecha-
nisms by which charge transfers from one
insulator to another during contact and
remains there as the materials are separated
(1, 2).

Particles and surfaces are charged inten-
tionally in such applications as photocopy-
ing, laser printing, electrostatic precipita-
tion, and particle separation processes,
which make use of electrostatic forces to
promote adhesion. However, the notion
that spontaneous charge transfer between
materials in contact acts to increase adhe-
sion between them has received little atten-
tion despite the efforts of Derjaguin et al.
(3) and the work of Dickinson and co-
workers (4) demonstrating that charge sep-
aration occurs during interfacial fracture.

We report an experimental method
based on the use of a surface force apparatus
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(5) with in situ electrometers (6), which
enables both surface forces and surface
charges to be measured. Two smooth dis-
similar insulating materials are brought into
contact and separated; direct measurements
are made of the charge transferred during
contact and of the resulting electrostatic
attractive force. These experiments demon-
strate and quantify the attraction that re-
sults from contact electrification and show
that the work required to separate two
charged surfaces in a dry atmosphere is
comparable to the work required to fracture
the individual materials. This work of ad-
hesion depends on how much excess charge
remains on the surfaces after a series of
discharges across the gap between the ma-
terials as they are separated through the
micrometer range.

Two thin (1 to 10 pwm), transparent
solids are mounted as crossed cylinders of
radius =20 mm in the surface force appara-
tus. For these experiments we used one
sheet of atomically smooth mica and one of
fused silica (7), prepared by a blown-bubble
method that gives near-atomic smoothness
(8). Solid-solid separation D is controlled
and measured with subnanometer accuracy
by interferometry (9) between silver coat-





