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The material characteristics and elastic properties of aluminum-
substituted 11 A tobermorite in the relict lime clasts of 2000-
year-old Roman seawater harbor concrete are described with
TG-DSC and ?*Si MAS NMR studies, along with nanoscale
tomography, X-ray microdiffraction, and high-pressure X-ray
diffraction synchrotron radiation applications. The crystals have
aluminum substitution for silicon in tetrahedral bridging and
branching sites and 11.49(3) A interlayer (002) spacing. With
prolonged heating to 350°C, the crystals exhibit normal behav-
ior. The experimentally measured isothermal bulk modulus at
zero pressure, Ky, 55 +5 GPa, is less than ab initio and molecu-
lar dynamics models for ideal tobermorite with a double-silicate
chain structure. Even so, K,, is substantially higher than
calcium-aluminum-silicate-hydrate binder (C-A-S-H) in slag
concrete. Based on nanoscale tomographic study, the crystal
clusters form a well connected solid, despite having about 52%
porosity. In the pumiceous cementitious matrix, Al-tobermorite
with 11.27 A interlayer spacing is locally associated with phil-
lipsite, similar to geologic occurrences in basaltic tephra. The
ancient concretes provide a sustainable prototype for producing
Al-tobermorite in high-performance concretes with natural vol-
canic pozzolans.

I. Introduction

T HE crystal structure of ideal tobermorite and its associ-
ated poorly crystalline phase, calcium-silicate-hydrate
(C-S-H), the cementitious binder of conventional portland
cement concrete, has been the focus of research investigations
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55 yr. These articles lay the foundation for understanding
the crystal chemistry of tobermorite and C-S—H,' effects of
alumina substitution for silicon in C—-S—-H and tobermorite,® !
crystallization processes of tobermorite in autoclaved
concretes,'>'* and mechanical properties of hydrous calcium
silicates.'*!7 The present research describes material charac-
teristics of 2000-yr-old Al-tobermorite synthesized at low
temperature in ancient Roman seawater concrete in the con-
text of these publications, and provides the first experimental
measurements of the bulk modulus of the mineral.

Natural occurrences of pure tobermorite with 11.3 A inter-
layer spacing occur rarely, mainly in hydrothermally altered
limestone, along with plombierite, the same crystal but with
14 A interlayer spacing.® Al-tobermorite,” where A" substi-
tutes for Si*", is the more common form of the mineral in
geological environments,'® where it forms mainly in hydro-
thermally altered basaltic rocks.'”?° For example, 12 yr after
the 1963-1967 eruptions at Surtsey, Iceland, Al-tobermorite
had crystallized in basaltic tephra in subaerial and submarine
hydrothermal environments at 70°C-150°C, in association
with zeolite minerals, mainly analcite and phillipsite.?'Some
of the first laboratory syntheses of aluminum substituted
tobermorite were produced with geologic materials—quicklime,
kaolin, and microcrystalline quartz—at 110°C, with 4-7 wt%
AL, O3 incorporated in the lattice of crystals with Ca/
(Si + Al) = 0.8.° The (002) interlayer spacing in syntheses
from alkali- and alumina-rich calcium silicate systems at
90°C-190°C increases with alumina content, up to 11.45 &
0.02 A.”'® The wide interlayer and the negative charge bal-
ance resulting from AI*" substitution for Si** contributes to
enhanced cation-exchange properties relative to ideal toberm-
orite for monovalent cations such as Cs*, Rb*, and K™
and divalent cations such as Ba®", Sr**, Pb>*, Cd**, Co? ™,
Ni?*, and Mg>* 2102223 Al_tobermorite could have impor-
tant applications to high-performance concretes for nuclear
and hazardous waste treatment and repository, if it could be
synthesized in large quantities with environmentally sustain-
able methods and materials.
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Ab initio and molecular dynamics simulations of the crys-
tal structure and mechanical properties of ideal tobermorite
provide a theoretical reference for the structure of C-S-H
and its potential behavior as a cr_/ystalline binder in ordinary
portland cement (OPC) concrete.!”** ¥ The poorly crystalline
analog of Al-tobermorite, calcium—aluminum-silicate-hydrate
(C-A-S-H), has shown good potential for improving the
durability and service life of environmentally friendly con-
cretes, where OPC is partially replaced with supplemental
cementitious materials such as fly ash, blast-furnace slag, and
natural volcanic ash pozzolan.”' For example, crystalliza-
tion of Al-tobermorite in autoclaved aerated concrete blocks
using blast-furnace slagrr reduces processing time and increases
compressive strength.'>'® Although experimental determi-
nations of the mechanical properties of tobermorite should
provide new insights into its characteristics as a cementitious
binder, the bulk modulus of neither the pure nor aluminous
forms of the crystal has been measured.

Neither tobermorite nor Al-tobermorite has ever been
observed in conventional concretes. In contrast, Al-tobermor-
ite occurs ubiquitously in the relict lime clasts (Fig. 1) of
ancient Roman concrete harbor installations, constructed
between first century BCE and second century CE through the
Mediterranean region.*>** The analyses presented in this arti-
cle describe Al-tobermorite from a 10 m* by 5.7 m tall con-
crete block in Pozzuoli Bay, near Naples; they build on recent
mineralogical decriptions.*>*” Roman builders packed a
pozzolanic mortar, composed of Flegrean Fields pumiceous
volcanic ash pozzolan and fine pebble lime, and decimeter-
sized chunks of zeolitic tuff from Flegrean Fields pyroclastic
deposits that surround Pozzuoli Bay (Baianus Sinus) into a
wooden form with a concrete facing submerged in seawa-
ter.*>3® An adiabatic thermal model indicates that the maxi-
mum temperatures produced in the breakwater through heat
evolved from the exothermic hydration of lime in seawater to
form portlandite and the formation of C—~A-S—H cementitious
binder were less than 85°C, and the structure cooled to 14°C—
26°C seawater temperatures in about 2 yr.>” The environmen-
tal costs of producing the Roman seawater concrete were less
than that of conventional concretes—lime calcined at about

Fig. 1. Volcanic ash-hydrated lime mortar of the ancient Roman
Baianus Sinus concrete, late first century BCE. (a) mortar of the
BAI.2006.03 drill core. (b) Al-tobermorite crystals in a relict lime clast,
scanning electron microscope, secondary electron (SEM-SE) image.
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900°C forms 5-9 wt% of the ancient concrete, while OPC
klinker, kiln-fired at 1450°C, forms 10-25 wt% of typical con-
cretes. Furthermore, the service life of the ancient structures in
seawater is extraordinarily long-lived compared with modern
concretes.®® Langton and Roy” described data collected from
ancient pozzolanic materials as predictors for the extended
durability and longevity of modern borehole and shaft sealin

materials. A classic experimental study by Sersale and Orsini*

compared the pozzolanic reaction products of natural glasses,
including Flegrean volcanic ash, and artificial glasses, includ-
ing granulated blast-furnace slag, in saturated lime solution
and described the tobermorite-like C-S-H and aluminous
crystalline phases that developed in both systems.

The purpose of this article is to describe the clusters of
Al-tobermorite crystals that occur in relict lime clasts of the
mortar of the Baianus Sinus concrete breakwater in terms of
their bulk composition, thermal behavior, environments of
A" substitution for Si*", three-dimensional nanoscale mor-
phology, and to derive elastic properties, measured as bulk
modulus, from high-pressure X-ray diffraction experiments
using synchrotron radiation. Fine crystals of Al-tobermorite
also occur in the cementitious matrix of the ancient composite,
shown by scanning transmission microdiffraction analyses with
a monochromatic X-ray beam. Accessory minerals are associ-
ated with Al-tobermorite in these different environments, and
reveal the diverse crystalline cementitious components of the
very heterogeneous mortar fabric. C~A-S-H, however, is the
principal cementitious binder, and Al-tobermorite forms less
than 10 vol% of the pumiceous mortar.** >3’ The experimen-
tally measured bulk modulus is compared with ab initio and
molecular dynamics simulations of the crystal structure and
mechanical properties of ideal tobermorite and the measured
bulk modulus of C-A-S-H in slag concrete to provide a new
reference for the mechanical behavior of Al-tobermorite as a
potential cementitious binder in high-performance concretes
formulated with natural volcanic pozzolans.

II. Materials, Methods, and Experimental Procedures

(1) Al-Tobermorite Specimen

The Baianus Sinus concrete breakwater was cored by the
ROMACONS drilling program in 2006 (BAI.06.03) in collab-
oration with CTG Italcementi Laboratories in Bergamo, Italy.
The mortar specimen studied here occurs 0.85 m below the
surface of the breakwater, which now lies 3.45 m below pres-
ent sealevel. Three Al-tobermorite specimens were removed
from relict lime clasts 0.5-0.8 cm diameter in a 3 cm? area of
the mortar. Magic Angle Nuclear Magnetic Resonance (MAS
NMR) and nanoscale tomographic studies used one specimen,
and high-pressure X-ray diffraction experiments used another,
which were carefully picked through using a Leitz stereomicro-
scope to ensure purity. The thermal analysis used fragments
from several relict lime clasts.

(2) Crystal Composition

The major element compositions of clusters of 3-5 pm-long
Al-tobermorite crystals in relict lime clasts were acquired
from a polished thin section of the mortar in the Electron
Microprobe Laboratory at the Department of Earth and
Planetary Science at UC Berkeley (Berkeley, CA) on a Came-
ca SX-51 electron microprobe equipped with five tunable
wavelength dispersive spectrometers using the software,
Probe for EPMA (v 8.69). Operating conditions were 40°
takeoff angle, a beam energy of 15 keV, beam current of
10 nA, and a beam diameter of 1 pm. Counting time was
10 s for all elements. Oxygen was calculated by cation stoi-
chiometry and included in the matrix correction. Secondary
electron images (Fig. 1) were acquired from small particles of
the mortar with a gold—palladium coating with a Zeiss EV-
OMAI10 Scanning Electron Microscope at the Department of
Earth and Planetary Science at UC Berkeley.
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Fig. 2. Thermal analysis of Baianus Sinus Al-tobermorite in relict
lime clasts. (a) powder X-ray diffraction pattern at ambient conditions,
and after heating at 350°C for 20 h, with newly formed 9.3 A
riversidite and residual 11 A Al-tobermorite. T: Al-tobermorite, C:
calcite, E: ettringite, H: hydrocalumite, R: riversidite, V: vaterite. (b)
results of thermal gravitational (TG) and differential scanning
calorimetry analyses (DSC).

(3) TG-DSC and Conventional X-ray Diffiraction

At CTG Italcementi Laboratories in Bergamo, Italy, ther-
mal gravitational (TG) (Fig. 2) and Differential Scanning
Calorimetry (DSC) analyses were performed with a simulta-
neous DSC-TGA instrument with 15 mg of the T2 specimen.
The experimental conditions were: continuous heating from
room temperature to 1000°C for the TG analysis and 500°C
for the DSC analysis at a heating rate of 10°C/min; N,-gas
dynamic atmosphere (85 cm®/min); alumina, top-opened
crucible. X-ray powder diffraction (XRPD) analysis was
performed with a Bruker D8-advance X-ray diffractometer,
also at CTG Italcementi Laboratories (Bergamo, Italy) operat-
ing with a parafocusing geometry, equipped with CuKa radia-
tion, two sets of soller slits and a lynxeye™ PsD Detector
(CTG Italcementi Laboratories). XRPD spectra were collected
from 5° to 70° 20 with a step of 0.02°/s, under ambient condi-
tions and immediately after heating to 350°C for 20 h.

(4) %°Si MAS NMR

The ?°Si MAS NMR analysis (Fig. 3, Table I) was performed
at the Advanced Nanofabrication Imaging and Characteriza-
tion Laboratories, King Abdullah University of Science and
Technology, Saudi Arabia, with 50 mg of the finally ground
T1 specimen packed into a 4 mm zirconia rotor and sealed at
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Fig. 3. Single-pulse 2°Si MAS NMR spectra of Baianus Sinus
Al-tobermorite in a relict lime clast. The profiles include the original
experimental spectrum, fitted peaks (labeled), and the residual after
fitting (top: x1). Table I shows the chemical shifts of the hydrate peaks
(in ppm). Q', Q*(0AI), and Q*(0Al) peaks describe the connectivity of
SiO, tetrahedra, where Ql are dimers or chain terminations, Q2 are
chain middle groups, and Q> are branching sites (after Jackson ez al.’”).

Table I.  ?°Si MAS NMR, Chemical Shifts in ppm and
Fractions of Anions Present in Each Environment in Baianus
Sinus Al-Tobermorite

Shift (ppm) %
Q'(0Al) —79.86 12.51
Q*(1Al) —82.71 23.48
Q*(0Al) —85.76 39.64
Q*(2Al) —88.56 0.73
Q(1A]) —91.75 15.58
Q3(0AI) —96.69 8.06

the open end with a Vespel cap.’” The rotor was then spun
at 14 kHz on a Bruker Ultrashield 400WB Plus with a 9.4 T
magnet, operating at 79.495 MHz. The magic angle was set
using KBr to 54.734°. Quantitative information on the frac-
tions of silicon ions present in silicate tetrahedra with differ-
ent connectivities were obtained by deconvolution of the
single-pulse spectra. The spectra were fitted using the iterative
fitting of the all the peaks to Voigt lineshapes using IgorPro
6.22A (Wavemetrics, Inc., Portland, OR).

(5) Nanoscale Tomography

Nanoscale computerized tomography (Fig. 4) was performed
with the full-field soft X-ray microscope (TXM) beamline
HZB-U41/1-TXM at the Berliner Elektronenspeicherring-
Gesellschaft fur Synchrotronstrahlung (BESSY) in Berlin,
Germany.*'™° Two-dimensional images were scanned under
280 eV incident beam energy, but for the tomographic analy-
sis the incident energy was changed to 510 eV. Depending on
optics settings the soft X-ray microscope can reach almost
10 nm spatial resolution. For this experimental setup, how-
ever, the best spatial resolution achievable was about
50 nm.*® Global alignment using a cross-correlation between
projection images taken at successive tilt angles collects
tomographic data to produce a volumetric representation of
the specimen. The three-dimensional reconstruction uses an
algebraic method stabilized through a specific regularization
technique.*’ From the binary image, a retraction graph with-
out termini was computed.*® This graph is composed of
vertexes and links which locally and globally preserve the
topology of the three-dimensional binary structure.*’*3

(6) X-ray Microdiffraction
Identification of crystalline phases in the mortar fabric with
X-ray microdiffraction (Fig. 5) at the micrometer scale was
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determined at beamline 12.3.2 of the Advanced Light Source
at the Lawrence Berkeley National Laboratory. This beamline
uses a superconducting bending magnet as a source to deliver

Fig. 4. Nanotomographic reconstruction of  Baianus  Sinus
Al-tobermorite crystal clusters in a relict lime clast, soft X-ray
microscope. (a) typical XM transmission image obtained with
280 eV incident X-ray. (b) high-resolution nanotomography
reconstruction obtained with 510 eV incident X-ray. (c) associated
topological skeleton.
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an X-ray spectrum ranging from 5 to 22 keV. Here, a mono-
chromatic X-ray beam of 10 keV was focused to 2 (v) x 24
(h) pm diameter. The sample was placed in transmission
mode® into the beam, with the detector 20 at 39°. A Pilatus
1M area detector was placed at 150 mm to record Debye rings
diffracted by the crystalline phases. The analyses determined
the mineral assemblages in the cementitious matrix of a thin
slice of mortar removed from a polished thin section, which
had been previously characterized with petrographic analyses.
Debye diffraction rings were radially integrated into intensity
versus 20 plots over an arch segment of 76° for 26 3°-30°.

(7) Synchrotron Based High-Pressure X-ray Diffiaction
Ambient phase identification and high-pressure X-ray diffrac-
tion experiments (HPXRD) of the S1 powdered specimen were
determined at beamline 12.2.2 of the Advanced Light Source
at the Lawrence Berkeley National Laboratory™ using a syn-
chrotron monochromatic X-ray beam with a 0.6199 A (20 keV
wavelength) (Figs. 6 and 7, Tables II and III). The Al-toberm-
orite specimen was finely ground and mixed with a silicone oil
(composed of polysiloxane chains with methyl and phenyl
groups) and a few chips of ruby, and placed into a sample
chamber 180-um in diameter and 75-um thick within a steel-
gasketed diamond anvil cell. The specimen was equilibrated for
about 20 min at each pressure. Diffraction patterns were col-
lected at 600 s exposure times with 237.8 mm sample to detec-
tor distance. The pressure was measured off-line using the ruby
fluorescence technique.’! All two-dimensional X-ray images
were radially integrated to give calibrated XPRD patterns
using the fit2d program (Fig. 6). Eleven diffraction peaks
were used to calculate lattice parameters (Fig. 7). Changes in
lattice parameters and unit cell volume were computed using
the XFit and Celref programs (Fig. 6, Table II).>*>*

I11.

Descriptions of the Al-tobermorite in the Baianus Sinus con-
crete include material characteristics previously described for

Experimental Results
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Fig. 5. Al-tobermorite and phillipsite in the cementitious matrix of the Baianus Sinus mortar. (a) Pilatus 1M area detector and Debye rings
diffracted by the crystalline phases in monochromatic (10K eV) X-ray micro-diffraction experiments. (b) associated d-spacings and intensities of the
Al-tobermorite, phillipsite, and calcite phases. SEM-SE images showing (c) a phillipsite rossette that has crystallized on a platy Al-tobermorite
crystal, and (d) phillipsite and Al-tobermorite in the submarine Surtsey tuff, Iceland that crystallized at about 150°C in a 1979 drill core.
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Fig. 6. Integrated powder X-ray diffraction patterns of Baianus
Sinus Al-tobermorite as a function of pressure. The right side of the
y-axis indicates hydrostatic pressure in the diamond anvil cell [(u),
unloading]. The vertical lines on the x-axis are diffraction peaks
from Merlino er al.?® The top diffraction pattern was measured at
ambient conditions, and the others are loading and unloading
diffraction patterns with the silicone oil pressure-transmitting
medium. Newly emerging peaks (¢) in the post-compression sample
are from ruby chips.

the Q' peak indicates long-chain lengths.’®*>" The higher
intensity of Q*(0Al) relative to Q*(1Al) indicates that AI>™ is
present in the bridging, or paired, tetrahedra, of the silicate
chains, but that Si** dominate. In the branching tetrahedral
sites that join the silicate chains, however, the higher inten-
sity of Q’(1Al) relative to Q(0Al) indicates that AIP™ is
more common than Si** 3%3% These results are confirmed
with?’Al MAS NMR, in which the 65.63 Peak has substan-
tially higher intensity than the 57.70 peak.>” A small shoulder
on the Q*(0Al) peak at —88.57 ppm corresponds to Q*(2Al),
with a downfield shift of 9 ppm from Q*(0Al) due to alumi-
num shielding.'®

Deconvolution of these results provides quantitative infor-
mation on the fractions of silicon ions present in silicate
tetrahedra with different connectivity (Table I). The relative
intensity, determined through an iterative process of fitting
the observed peaks to the profiles of Fig. 3, is used to calcu-
late the mean chain length (MCL) following Richardson and
Groves.” MCL is 13.97, relatively high in comparison to
C-S-H in OPC, but similar to C-A-S-H in high content blast
furnace slag concretes®® and the overall Q2/Q3 ratio is 2.59.
In the *’Si MAS NMR literature, the ratio of Q* to Q' peak
intensity is frequently taken as a representation of MCL for
tobermorite-like C—S—H. However, Q*/Q' of the deconvolut-
ed results gives MCL of only 5.07. Al-tobermorite crystals in
the Baianus Sinus relict lime clasts [Fig. 2(a)] and cementi-
tious matrix [Fig. 5(c)] are not thread-like C—S—H fibers, but,
rather, uniformly thin plates with » > ¢ » @, and orthorhom-
bic symmetry (Table III). If this platey morphology and the
Q? linkages of the double silicate chain structure that extends
in the ¢ direction are taken into account, then Q*/Q' multi-
plied by a Q?/Q? scale factor gives a possible MCL estimate
of 13 (Fig. 3, Table I). Considering the study of Wieker
et al.®" the Q?/Q’ ratio would suggest a Ca/Si ratio close to
0.9, almost identical to the 0.92 measured through EPMA
analysis.?’
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Fig. 7. Pressure-dependent behavior of the Baianus  Sinus
Al-tobermorite unit-cell volume normalized to the ambient volume.
The second order Birch-Murnaghan equation of state fitting gives
the bulk modulus K, = 55 +5 GPa.

(D) Nanoscale Structure of Al-tobermorite Clusters:
A grey-level nanoscale tomographic reconstruction of clusters
of Al-tobermorite crystals from a relict lime clast [Fig. 4(a)
and (b)] shows both platey and elonigated 1-2 pum crystals
typical of geological 11 A tobermorite™ and laboratory syn-
theses.! The three-dimensional skeleton graph [Fig. 4(c)] can
be characterized by a connectedness number, C, which is an
intensive topological characteristic related to the number of
irreducible paths per vertex. C is defined as C = —(op—0;)/
oy, Where o is the number of vertexes (isolated or not), and
oy is the number of links.*’*® It is related to the average
number of links per vertex, Nc¢, through the equation N¢ = 2
(1 + C).47

The connectedness number computed for the Al-tobermorite
cluster of Fig. 4(c), with a 15.5 nm voxel dimension and an
average 3.3 links per vertex, is 0.65. This indicates a well-
connected solid mass [Fig. 4(b) and (c)], as a negative value
of C is associated with a strongly disconnected network,
below its percolation threshold, and a well-connected
network has a C > 0.5. The calculated porosity, 52%, is
qualitative, and due to a relatively basic segmentation proto-
col, this value could be overestimated. This is similar,
however, to 36%-39% porosity in Al-tobermorite with
Ca/(Al + Si) = 0.8 in autoclaved aerated concrete.'”> The
imaging demonstrates that the Al-tobermorite crystals are at
least two orders of magnitude longer than poorly crystalline,
tobermorite-like C-S-H (I), about 3.5 nm, determined
through X-ray pair distribution functions.®®

(E) Cementitious Matrix: Al-tobermorite also occurs
in the cementitious binding matrix of the pumiceous mortar
of the ancient concrete, as 2-5 um platy crystals (Fig. 5).
Debye diffraction rings measured with the monochromatic
X-ray micro-diffraction beam [Fig. 5(a)] show strong contin-
uous reflections from Al-tobermorite with (002) interlayer
spacing 11.27 A; the low rugosity indicates a nano-crystal-
lized grain size. The 3.20 (100), 7.16 (68), and 7.16 (53)
reflections of phillipsite®® are present in very restricted



2604 Journal of the American Ceramic Society—Jackson et al.

segments of the diffraction cone, however, indicating a strong
preferred orientation [Fig. 5(a)]. This explains the absence of
other nominally strong reflections, such as (—201) at 4.96 A
[Fig. 5(b)]. An SEM-SE image of this assemblage shows sub-
micrometer-sized phillipsite that has crystallized on 2-4 pm
plates of Al-tobermorite [Fig. 5(c)]. In addition to relicts of
unreacted phillipsite present in the pumiceous pozzolan,*
authigenic phillipsite with potassic compositions has been
described in pores of the ancient mortar fabrics in seawater
harbor concretes from Tuscany, Italy, and Caesarea,
Israel.*** This may be the result of low-temperature alter-
ation of residual alkali-rich volcanic glass in the seawater
concrete ?/stem at pH 9-10, after portlandite has been
consumed. Association of Al-tobermorite with phillipsite
also occurs in the glassy matrix of the Surtsey tuff [Fig. 5(d)],
after twelve years of hydrothermal alteration at 70-150°C.”!
Alteration of basaltic glass on the southeast flank of Mauna
Loa at 1.4 km depth and 15°C also has produced calcium
silicate crystals in association with potassic phillipsite.®®

(2) Elastic Properties
Experimental measurements of the elastic properties of
Baianus Sinus Al-tobermorite isolated from relict lime clasts
are described and then compared with theoretical models of
the bulk modulus of ideal tobermorite and C-S—-H, to show
how pervasive aluminum substitution, measured through 298
MAS NMR studies (Fig. 3) influences material properties.
(A) Analytical  Results: The  pressure-normalized
volume data were fitted by a Birch-Murnaghan equation of
state,

=3k [/ V)7 — (/7o) [1 24y (/v - 1)}

where V is the unit cell volume, V, is the initial unit cell
volume at ambient pressure, P is the applied pressure, K is
the bulk modulus at zero pressure, and Ky’ is the derivative
of bulk modulus at zero pressure.®® A weighted linear least-
squares fit to the equation with fixed K’ = 4 was applied to
consider both pressure and volume error. o7 _Strong X-ray
reflections for (002) at 11.49 A (110) at 3.08 A and (112) at
2.97 A at ambient pressure 1nd1cate a high degree of crystal-
linity (Fig. 6). At ambient pressure the interlayer spacing is
11.49(3) A, where the numbers in parentheses here, and in
Table II, are standard deviations from the measured experi-
mental values. There are refined orthorhombic /mm?2 lattice
parameters of a = 5.60(9) A, b =3.699) A, and ¢ = 22.87
(6) A, and a computed bulk modulus, Ky, =55+ 5 GPa,
with R2 = 0.99 fitting convergence. With increasing pressure,
changes in a and b lattice parameters are small, but the ¢
lattice parameter contracts.

(B) Comparison with Models of Ideal Tobermorite:
Theoretical calculations indicate that the bulk modulus of
ideal tobermorite with condensed double-silicate-tetrahedra
chains, 67-74 GPa, should be less compressible than that
with 1ndependent s1ngle chains, 53-61 GPa (Table II1).2+2®
The measured bulk modulus of Baianus Sinus Al-tobermorite
(Table II) lies within the range of ab initio calculations for
ideal tobermorite with single silicate chains.>* However,
Q*(1AlD), Q*(0Al), and Q*(2Al) bonding environments (Fig. 3)
indicate tetrahedral linkages across the silicate interlayer
and therefore, crystals with double-silicate-tetrahedra
chains.**>>%¢ Al-O bond lengths are about 8%-10% longer
than Si—O bond lengths and Al-O binding energy is less than
Si-0,% so pervasive A’ substitution for Si** in chain and
branching sites should result in weakened bonds at bridging
and branchlng sites, as shown by v1brat0ry mllhng experi-
ments'® and increased (002) interlayer spacing.' Slmllarly,
A" substitution in the defect tobermorite model'” should

Vol. 96, No. 8

decrease the bulk modulus compared with the Merlino model
(Table II).>® This is consistent with the experimental results,
and with molecular dynamics simulations of Al-tobermor-
ite,'" in which substitution of Si** with AP’" and Na™
produces increased interlayer thickness and decreased elastic
modulus, with increasing Al/Si. The wide interlayer of the
Baianus Sinus Al-tobermorite presumably provides cavities
for Nat and K™ cations derived from reaction between the
alkali-rich volcanic ash and seawater-saturated lime, and
contributes to charge balancing and stability.”'*'%?> These
features, however, increase compressibility relative to ideal
tobermorite with 11.3 A spacing. Even so, the measured bulk
modulus is substantially higher than measurements of
C-A-S-H in alkaline-activated slag concrete, 35 + 3 GPa,
and C-S-H, 34 + 7 GPa®; and computational models for to-
bermorite-like C-S—H with finite chain lengths, 21-29 GPa.”’
This suggests that future applications of Al-tobermorite as a
cementitious binder could increase concrete mechanical perfor-
mance relative to poorly crystalline C—A—-S—H.

IV. Discussion

Measurements of the crystallographic parameters and bulk
modulus, Ky, of Baianus Sinus Al-tobermorite (Figs. 6 and 7,
Table I and II) provide an exceptionally unique guide-
post for predicting the long-term material properties of
Al-tobermorite as a cementitious binder. The aluminous,
orthorhombic form of the mineral with Ca/(Si + Al) = 0.8 in
the ancient concrete, has (002) interlayer spacing of 11.49
(3) A and experimentally measured bulk modulus,
55 + 5 GPa, substantially higher than the C-A-S—-H of slag
concrete® but lower than ab initio calculations'” and molecu-
lar dynamic simulations®’ for pure, ideal tobermorite. The
differences likely arise from the presence of additional
cations, A" and small amounts of Na™ and K in the
Baianus Sinus Al-tobermorite crystal structure, in addition to
thermal vibration effects in the real crystals.”” The bonding
environments of AI’" substitution for Si** in the crystal
lattice described by NMR studies indicate long silicate chain
lengths and pervasive tetrahedral cross-linkages of the silicate
interlayer with overall Q*/Q* about 2.59 (Fig. 3). Long silicate
chain lengths and low Ca/(Si + Al) = 0.8 suggest a high degree
of polymerization and Si*" binding energy, which tygncally
produce strong cement paste in conventional concretes.” The
Al-tobermorite may have developed longer chain lengths over
time, similar to C-A—S—H in ground granulated blast-furnace
slag concretes.sz With heating, some crystals dehydrate and
collapse to a 9 A riversidite structure (Fig. 2). This indicates a
crystal structure that evidently crystallized at low temperature,
<85°C, based on a thermal model of the Baianus Sinus break-
water,”” and remained stable at seawater temperatures for a
very long period of time, but may exhibit normal dehydration
behavior at the elevated temperatures of certain high-perfor-
mance concrete applications.

The presence of Al-tobermorite in the matrix of the pumi-
ceous mortar (Fig. 5) indicates that the crystals do not only
form in relict lime clasts but also act as a cementitious binder
in the ancient composite. The (002) interlayer spacing, about
11.27, is smaller than that of crystals in the relict lime clasts,
perhaps the result of a less aluminous compositions. Other
d-spacings and intensities are largely the same. Crystallization
of phillipsite on Al-tobermorite plates [Fig. 5(c)] indicates that
cementitious processes may continue after hydration of port-
landite and the C-A-S-H binder, perhaps associated with
hydration of volcanic glass in the seawater environment.®® A
similar mineral assemblage developed in the 12-yr-old Surtsey
tuff, but at 70°C-150°C hydration temperatures [Fig. 5(d)].
Both Al-tobermorite and phillipsite have cation-exchange
capacities for heavy metals and radionucleides.”'%-2%23-7!

The ancient Roman syntheses of Al-tobermorite in the sea-
water mortars have relevance to new advancements in environ-
mentally friendly, high-performance concretes. For example,
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the large interlayer spacing relative to ideal tobermorite,!”>>>
and the high, experimentally measured bulk modulus of the
aluminum-substituted crystals relative to C-A-S-H,*” are
particular properties that should inform future durability strat-
egies based on the compositional aspects of a variety of
blended cementitious materials. In addition, the maritime con-
crete design mix contains <10 wt% lime,>” which is calcined at
850°C-900°C, far lower than the 1450°C required for OPC
clinker. This suggests that certain lime-based cementious com-
posites formulated with pyroclastic rock may produce lower
CO, emissions relative to OPC concretes, and also crystallize
Al-tobermorite under certain conditions. Furthermore, AI*™*
and Na " substituted tobermorite has the potential to sequester
cations such as cesium,?> and Al-tobermorite may contribute,
along with zeolite cements, to long-term clogging of pore space
in concrete waste repositories.”> Current efforts to encapsu-
late hazardous wastes in concrete containers have mainly con-
sidered blast-furnace slag cement designs, so the Roman
maritime concrete prototype, which developes both
Al-tobermorite and phillipsite (Fig. 5) may provide new
perspectives for experimentation with lime-pyroclastic rock
concrete designs. The investigations presented here, and the
proven durability of the ancient Roman seawater mortar for-
mulation, suggest that volcanic tephra may be a viable alterna-
tive to inform the synthesis of crystalline Al-tobermorite and
potentially maximize silicate chain lengths, silicate binding
energy, and cation-exchange capabilities in exceptionally long-
lived cementitious systems.

IV. Conclusions

Synchrotron-based high-pressure X-ray diffraction (HPXRD)
experiments show how pervasive alumina substitution for
silicon influences the elastic properties Al-tobermorite, iso-
lated from a relict lime clast in a massive Roman concrete
breakwater, which was constructed with pyroclastic rock and
lime hydrated in the seawater in the Bay of Pozzuoli during
first century BCE. A" in the chain and branching sites of a
double-silicate-tetrahedra chain crystal structure produced a
large interlayer spacing, 11.49(3) A, and a computed bulk
modulus, Ky =55 + 5 GPa, which is lower than theoretical
calculations of ideal tobermorite. This is, perhaps, because
A" substitution for Si** produces increased interlayer
spacing and weakened bonds at bridging and branching sites.
However, K, is substantially higher than experimental
measurements of modern C-A-S-H cementitious binder.
Al-tobermorite also occurs in the cementitious matrix of the
pozzolanic mortar, in association with phillipsite. The proven
endurance of the crystals in the seawater environment for
2000 yr indicates exceptionally high durability in a complex
pozzolanic concrete composite, on a par with the stable rock
forming cementitious minerals of the earth’s crust.
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