rated crystals are present at depths as
great as 675 m (9).

Intracellular calcification within the
filaments of P. dumetosus is represented
by elongate, doubly terminated arago-
nite crystals that average 94 =33 um
in length with an observed range of
48 to 160 um (Fig. 1C); these crystals
range from 2 to 6 um in width. Identi-
fication of these crystals as aragonite
has been confirmed by election diffrac-
tion of single crystals and by x-ray dif-
fraction of crystal aggregates. That these
crystals are intracellular in origin is
shown (i) in thin sections of capitular
filaments where crystals are contained
entirely within the cytoplasm (Fig. 1C)
and (ii) by isolation of the cytoplasm
and its included crystals through decal-
cification of the extracellular sheath.
These large (48 to 160 um) crystals of
aragonite have been found only in P.
dumetosus and may be of taxonomic
value for the identification of this spe-
cies. The presence of silt- to fine sand-
sized, doubly terminated crystals of
aragonite within lime sediments would
possibly indicate a derivation from P.
dumetosus.
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Calcium Hydroxide: Its Role in the Fracture of

Tricalcium Silicate Paste

Abstract. The large areas of crystalline calcium hydroxide [Ca(OH),] formed
during the hydration of tricalcium silicate (CaySiO;) correspond to low-porosity
regions in the hydrated paste. During the early stage of hydration, areas between
Ca(OH), crystals which consist of Ca3SiO; particles bonded together by calcium
silicate hydrate represent the high-porosity portion of the paste. Because of the
presence of Ca(OH),, fracture in the hardened paste during\this period propa-
gates preferentially through the areas bonded by the calcium silicate hydrate phase
and around the Ca(OH), crystals. Calcium hydroxide also acts as a crack arrester.
The influence of Ca(OH), on fracture diminishes with increased hydration.

Although portland cement concrete
is the most widely used man-made
building material in the world, micro-
structural factors which control frac-
ture propagation through the hydrated
cement paste are not completely under-
stood. Of the four major constituents
that make up portland cement, the most
important is tricalcium silicate (Cag-
SiO5) which is often used as a simplified
model system to enable one to gain an
understanding of the mechanisms con-
trolling the hydration and engineering
properties of portland cement. The
CaySiO5 reacts with water to form a
poorly crystalline calcium silicate
hydrate with high surface area and
calcium hydroxide [Ca(OH),]. Calcium
silicate hydrate is considered to be
more important in controlling the engi-
neering properties of the hydrated sys-
tem than Ca(OH), which occurs pre-
dominantly as large crystals, often cov-
ering an area of over 0.1 mm? each.

The large size of the Ca(OH), crystals
renders them easily observable by
standard techniques of optical micros-
copy. The preparation and in situ hy-
dration of CagSiO; paste samples 40 um
thick at a ratio of water to solids (by
weight) (w/s) of 0.4, which is in the
range of w/s ratios used for studies of
engineering properties, made it possible
to fracture samples at various degrees of
hydration and to study by optical mi-
croscopy the role of Ca(OH), in the
propagation of fracture through the
hydrated system.

The CazSiOy used in the study had a
free lime content of < 0.1 percent (by
weight) and a Blaine fineness of 4000
cm?2/g (1). Samples were prepared by
placing about 0.2 g of thoroughly
mixed paste with a w/s ratio of 0.4 on
a glass slide (7.6 by 2.5 by 0.16 cm).
An identical slide was placed over the
sample, and, by moving the two slides
against one another, the paste was
distributed evenly in a layer about 40
wm thick. Excess paste was removed,

and the slides were sealed at the edges
with paraffin. The samples were stored
in an environment having a relative
humidity of 100 percent at 23° = 2°C
until testing at 1, 3, 8, and 22 days.

Fracture was accomplished by three-
point loading until failure occurred. Im-
mediately after failure the sample, im-
mersed in mineral oil to prevent dry-
ing, was studied by optical microscopy.
Use of this technique ensured that the
samples were fractured in a wet state
and that the fracture pattern observed
was due to mechanical stresses within
the system rather than shrinkage.

The percentage of the total sample
area covered by Ca(OH), crystals at
various degrees of hydration was deter-
mined by point counting. The reported
Ca(OH), areas include CazSiO; parti-
cles, calcium silicate hydrate, and gel
pores entrapped within the Ca(OH),
crystals (2).

Tricalcium silicate reacts with water
to form “inner-product” and “outer-
product” calcium silicate hydrate and
Ca(OH), (3). The outer-product cal-
cium silicate hydrate and crystalline
Ca(OH), form outside the original
boundary of the CagSiOs grains,
whereas the bulk of the calcium silicate
hydrate occurs as inner product within
the boundary of the original grain. Cal-
cium hydroxide crystals grow around
particles with which they come in
contact. The particles entrapped within
the Ca(OH), crystals during the early
stages of growth are only partially
hydrated and may, indeed, never hy-
drate fully as they may be cut off from
direct contact with the solution phase.
At this stage the Ca(OH), crystals are
isolated from one another and represent
low-porosity areas distributed through-
out the groundmass. The space between
the Ca(OH), crystals is filled with
Ca;SiO; particles which continue to hy-
drate. The CaSiOy particles are bound
together by the outer-product calcium
silicate hydrate which grows into the
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space between particles and forms an
interlocking mass. Relative to the
Ca(OH), areas, the porosity of the
areas containing predominately CazSiO;
particles is high during the early stages
of hydration, as shown in Fig. 1, but
decreases continuously with hydration.
As hydration progresses, the Ca(OH),
crystals continue to grow and entrap
more partially and completely hydrated
CaySiOy particles and calcium silicate
hydrate. The space between particles
into which the Ca(OH), can grow de-
creases as the time of hydration in-
creases, since this space is being filled
with the outer-product calcium silicate
hydrate. Therefore, as one goes out
from the original nucleus of a Ca(OH),
crystal, the amount of entrapped mat-
ter increases at a greater than linear
rate; however, even when there is a
large amount of entrapped matter, the
Ca(OH), at the edges of the crystal
maintains crystal orientation as deter-
mined by its optical continuity with the
bulk of the crystal. As growth of the
Ca(OH), continues, the crystals begin
to interfere with each other’s growth,
and, at late stages of hydration in sys-
tems with low w/s ratios, the crystal
areas come in contact with one another.

The hydration of the CazSiO5 paste
proceeded normally on the slides along
with the nucleation and growth of
Ca(OH), crystals throughout the bulk
of the paste. The crystals initially grow
in all directions until reaching the thick-
ness of the section after which growth
continues laterally at the constant sec-
tion thickness. Cracks were not present
in the samples prior to testing. After
testing, microcracks radiating from the

primary fracture were studied. The
number of microcracks observable after
stress was released diminished with in-
creased hydration. At 8 days, only two
microcracks large enough for study
were present. Therefore, samples hy-
drated longer than 8 days were also
point-loaded under compression to
provide a greater number of micro-
cracks.

The position of fractures in the
paste was undoubtedly influenced by the
fracture of the glass slide or boundary
layer. However, fracture patterns in the
paste at 1 and 3 days were the same,
no matter whether plastic or glass slides
were used, even though plastic slides
were not fractured during loading.
Plastic slides were not used throughout
the study because of difficulties encoun-
tered in sealing the slides with paraffin
to prevent drying of the paste. The
similarity in the paste fracture pattern
with different slide materials indicates
that the paste microstructure rather
than the boundary layer materials in-
fluenced the fracture within the paste.

Fractures in the CasSiO; paste
samples hydrated for 1, 3, 8, and 22
days are shown in Fig. 2. After hydra-
tion for 1 day Ca(OH), covers about
29 percent (by volume) of the paste
area (2). The fracture path goes
around the Ca(OH), crystals and pref-
erentially through the outer-product
calcium silicate hydrate which bonds
the Ca3SiOjy particles together (Fig. 2A).
The fracture deviates around the
Ca(OH), crystals in a tortuous path
instead of passing through them. The
mechanical strength of the system at
this stage of hydration must be deter-

mined by the interlocked calcium sili-
cate hydrate foils which are holding the
CagSiOy particles together. However,
the tortuous fracture path caused by
the presence of Ca(OH), means that
additional energy must be supplied to
the system to cause failure. After 3
days, the Ca(OH), crystal areas cover
42 percent of the paste area. The frac-
ture path still passes preferentially
around Ca(OH), crystals (Fig. 2B).
In some cases (Fig. 2, E and F), the
fracture terminates at Ca(OH), crystals
or intersects a Ca(OH), crystal and cre-
ates several new branch fractures before
propagating further through the paste.
In these cases the Ca(OH), is acting
as a crack arrester (Fig. 2E) which
toughens the hydrated system since it
takes additional energy to generate new
crack formation.

After 8 days, the Ca(OH), crystals
cover about 60 percent of the paste
area. The space between crystals is
diminished, and in many areas crystals
have come in contact with one an-
other. The fracture path, shown in
Fig. 2C, still preferentially goes through
the area bound together by the calcium
silicate hydrate. A larger number of
the Ca(OH), crystals are fractured;
however, the fracture tends to go
through the extremities rather than the
core of the Ca(OH), crystals. These
areas contain a greater amount of en-
trapped material than the core of the
crystals.

After 22 days, Ca(OH), crystals
cover about 80 percent of the paste
area. Fracture, when it occurs, must
pass through many of the crystal areas
as it is virtually impossible to define a

Fig. 1. (A) Scanning electron micrograph of a thin section surface of CasSiOs paste hydrated for 3 days. The dense areas are com-
posed of Ca(OH)., whereas the porous arcas consist of CasSiOs particles and calcium silicate hydrate. The compositional identity
of the two areas was confirmed by means of elemental analysis with a nondispersive x-ray analyzer attachment on the scanning
electron microscope. (B) Cross section of a thin section showing a low-porosity Ca(OH). area in the center with adjacent areas of
higher porosity containing CasSiOs and calcium silicate hydrate.

11 FEBRUARY 1972

627



et

Fig. 2. Tricalcium silicate pastes with a w/s ratio of 0.4 hydrated at 23°C for 1, 3, 8, 22, and 3 days, as shown in (A), (B), (C),
(D), and (E), respectively. Except where noted, the microscope polarizers were set at approximately 80° to one another, and the
fractures appear as white irregular lines. The light areas are Ca(OH). crystals, and the bright spots within the crystals are en-
trapped Ca:SiOs particles. The dark groundmass contains CasSiOs particles, calcium silicate hydrate, and water in the space between
particles. The hazy straight lines approximately parallel to the fracture in (B) and (D) are due to cracks in the glass slides which
occurred during testing. The fracture initially goes around the Ca(OH). areas, as shown in (A) and (B), but with increased time
of hydration the fracture path, as shown in (C) and (D), passes through an increasing number of Ca(OH). crystals. Crystals of
Ca(OH): also act as crack arresters in the paste, as shown in (E). The fracture appears as a dark area transversing the photo, and
it progagated from upper right to lower left. The fracture encountered a Ca(OH). crystal which necessitated the formation of new
branch fractures and the splitting of Ca(OH). along a basal crystallographic plane. As seen in (F), fractures still go around
Ca(OH): crystals in a CasSiO; paste with a w/s ratio of 0.7 hydrated for 20 days. The lower fracture is arrested by a Ca(OH).
crystal.
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path through an area not containing
Ca(OH), (Fig. 2D).

Further hydration results in the ex-
tension of Ca(OH), areas as well as
a strengthening and densification of the
calcium silicate hydrate zones. This
densification reduces the difference in
strength between the two hydrated
phases and makes the properties of the
paste more uniform on a microstructural
scale. Fracture within the system propa-
gates along a more direct path as differ-
ences in the microstructural components
decrease.

An increase in the w/s ratio increases
the porosity of the CaySiO; particle
areas but does not change the porosity
of the Ca(OH), crystals. However, the
distance between Ca(OH), crystals in-
creases and the degree to which the
crystals grow together decreases as the
w/s ratio increases. As a result of
these factors, the fracture continues to
go through the calcium silicate hydrate
zones and around Ca(OH), at later
ages (increased degrees of hydration).
For example, in a sample with a w/s
ratio of 0.7 hydrated for 20 days, the
Ca(OH), covers about 35 percent of
the paste area and the fracture still
goes around the Ca(OH), crystals
(Fig. 2F).

The relevance of the fracture ob-
served in the paste sections to that of
bulk samples may be questioned. How-
ever, the fracture surface of the thin
sections of the paste at early stages
of hydration would contain a pre-
ponderance of calcium silicate hydrate,
in agreement with observations by scan-
ning electron microscopy made by
Young and Lawrence (4) of the frac-
ture surface of bulk CagSiO; paste
samples. ]

A completely hydrated CazSiOj
paste contains about 42 percent Ca-
(OH), as compared to 25 percent in
ordinary portland cement paste. In ad-
dition, the Ca(OH), crystals in portland
cement paste are smaller and have
more of a platy habit because of the
presence of sulfate and other ions in
solution. Although the quantity and
morphology of Ca(OH), differ in the
two systems, the influence of Ca(OH),
on fracture propagation would be ex-
pected to be the same since it rep-
resents low-porosity areas in both sys-
tems.

RicHARD L. BERGER
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Uranium in Runoff from the Gulf of Mexico

Distributive Province: Anomalous Concentrations

Abstract. Uranium concentrations in North American rivers are higher than
those reported 20 years ago. The increase is attributed to applications to agri-
cultural land of larger amounts of phosphate fertilizer containing appreciable
concentrations of uranium. Experiments showing a constant phosphorous-uranium
ratio for various types of fertilizers and for the easily solubilized fraction of

0-46-0 fertilizers support this view.

High uranium concentrations are re-
ported for present-day North American
rivers relative to those found 10 to 20
years ago for the same rivers or for
rivers in other parts of the world drain-
ing less intensively cultivated areas.
This anomaly has been attributed to
high concentrations of uranium thought
to be present in phosphate fertilizers
(1, 2). Lack of knowledge of uranium
depletion or enrichment in the various
stages of fertilizer production and of
the behavior of uranium during weath-
ering of a fertilized soil has made these
observations rather speculative. This re-
port describes experiments designed to

Table 1. Spring 1971 distribution of uranium
versus phosphate in the Brazos River and its
tributaries.

Collection = Phosphate  Uranium P/U
date (ug/ (ng/ h
(1971) liter) liter) ratio
Brazos River
3-12% 36.10 1.16 31.0
3-25% 130.0 1.48 88.0
4-16% 46.0 1.51 304
4-17§ 62.0 1.32 47.0
4-21% 10.8 1.88 10.8
5-4]| 419 1.90 22,0
5-6% 64.3 2.07 31.6
5-11% 53.5 0.94 57.0
5-258 28.0 2.70 10.4
Little Brazos River
3-12% 60.5 0.69 87.5
3-25% 48.8 1.27 38.2
Navasota River
5-11% 234.5 2.01 116.0
* After storm. 1 No rain. 1 Rain, about 1
inch. § Showers. || Dry for 2 weeks.

answer these questions and attempts to
evaluate the pollution potential of ura-
nium, a heavy metal whose toxic levels
in organisms are similar to those of
mercury and lead.

Uranium concentrations were deter-
mined by a delayed neutron technique
(3). The method is nondestructive, rapid
(about 5 minutes), and precise (sigma
is about 5 percent for a single deter-
mination on a 2-g solid sample with
about 1 ppm). Briefly, samples are
weighed into a polyethylene vial which
is inserted into a “rabbit.” The “rabbit”
is blown into a flux of neutrons (about
1012 neutrons cm—2 sec—1! in this case)
via a pneumatic system for 1 minute,
removed, allowed to cool for 30 sec-
onds, and then counted for 1 minute
with BF3; neutron counters in a 4«
arrangement. Sample activities are com-
pared with standards treated in the
same manner.

River and other aqueous samples
were filtered through 0.8-um Milli-
pore filters and evaporated to dryness.
The dried solids were treated as de-
scribed above. Concentrations were de-
termined on the basis of the sample
volume and total weight of dissolved
solids.

Uranium concentrations for 22 sam-
ples taken from 15 different rivers that
flow into the Gulf of Mexico are shown
in Fig. 1. Most samples have consider-
ably higher concentrations than were
found years ago in several North ‘Amer-
ican rivers (4). High uranium in the
Rio Grande, Nueces, Frio-Atascosa,
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