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NORDSTRANDITE (AI ,O3'3H'O) FROM GUAMI

JonN C. HlrHawav and SBvnoun O. ScnreNcon, L/. S. Geological
Surtsey, Itr/ood.s Hole, Mossochusetts, and Dept. oJ Geology, Uni-

t;ersi,ty of Calif orni,a, Riaersi,d.e, Calif orni.o.

ABSTRACT

Nordstrandite (Alroa'3HrO) occurs in Miocene limestone on Guam. A chemical analysis

of the mineral including small amounts oI quartz, goethite, halloysite and montmorillonite

as impurities gives SiO2 4.l4ok, AIzOz 63.g7To,FezOz0.257o,HrO+ 29.05ok,Il20- 1.597a,

total 99.00o/o. The c-ray powder diffraction data differ from those of both gibbsite and

bayerite. Nordstrandite gives strong reflections at 4.789, 4.922,4 207,2.392 and 2.263 it.
'Ihe mineral occurs principally as void filiings in the basal part of the limestone where the

lime stone overlies deeply weathered basaltic rocks.

INrnonucrroN

Van Nordstrand et al. (1956) and Pap6e et al. (1958) have reported the
synthesis of an alumina trihydrate differing from both gibbsite and
ba1'erite. Van Nordstrand and his coworkers obtained the new form only
in mixtures with gibbsite and bayerite and considered the new trihydrate
to be a screw dislocation polymorph composed of alternating layers of
gibbsite and bayerite-l ike packing. Pap6e et al. (1958) were able to syn-
thesize the new material in essentially pure form and were able to present
more precise f-ra-v powder data on the phase. Pap6,e et ol. (1958) and
Rooksby (1961) imply that the name "nordstrandite" was given to this
phase by Van Nordstrand et al. (1958), but the latter paper makes no
mention of the name "nordstrandite." Instead Van Nordstrand proposed
the name "bayerite II." Pap6e et aI. (1958) point out that the new trihy-
drate is no closer to bayerite than to "hydrargil i i te" (gibbsite) and there-
fore the name "nordstrandite" is preferable. Rooksby (1961) states that
de Boer et ol. (1954) have distinguished between two varieties of bayerite
and two of gibbsite, each respective pair being isostructural but varying
in dehydration characteristics. The members of these pairs have been
referred to as bayerite-1 and bayerite-2, and gibbsite-1 and gibbsite-2.
Because of this previous use of the term "bayerite 2" we believe that the
name "bayerite II" should not be used for the third alumina trihydrate
phase described by- Van Nordstrand et al. (1956) and Pap6e et al. (1958)
but that the name "nordstrandite" should be retained for this com-
pound. The name is after Robert A. Van Nordstrand of Sinclair Research
Laboratories, Inc. of Harvey, I l l inois.

One other natural occurrence of nordstrandite has recently been re-
ported. A sample of nordstrandite from West Sarawak was exhibited by
Deans (1962) at the lune 1962 meeting of the Mineralogical Society of
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Great Britain, and was described by Wall et al. (1962) concurrently with
a report (Hathaway and Schlanger,1962) of the occurrence described in
this paper.

Ginsberg et al. (1962) reported the synthesis of a form of Al(OH)a
that they described as "bayerite with distorted lattice." They considered
this material to be the equivalent of nordstrandite. Their r-ray patterns,
however, indicate a mixture of gibbsite and bayerite. The patterns show
strong peaks at 3.20,2.22, and 1.72 A which are characteristic bayerite
peaks, but none of which are present in the synthetic nordstrandite of
Pap6.e et al. (1958) or Lippens (1961), or in the natural nordstrandite of
WaIL et al. (1962) or Hathaway and Schlanger (1962). Thus, the material
that Ginsberg et al. (1962) described may indeed be ba1's1i1s with a dis-
torted lattice, but the material is not nordstrandite.

OccunnBNcp oN GuAM

During the U. S. Geological Survey's studies of the mineralogy of
Iimestones from the island of Guam, a mineral having the r-ray diffrac-
tion characteristics of nordstrandite was discovered. Amounts large
enough for observation in thin section were found in sarnples from the
basal part of an upper Miocene limestone on Guam. In south Guam this
limestone forms a cap, several hundreds of feet thick, on the Mount
Alifan-Mount Lamlam ridge and overlies upper Eocene and lower Mio-
cene basalt flows and volcanic conglomerates. In north Guam less than
100 feet of this limestone flanks a series of Eocene basalt flows, volcanic
conglomerates, and tuffaceous sandstones and shales around Mount
Santa Rosa (Tracey et al. 1964; Schlanger, 1964). Near NIount Alifan, the
basal limestone is pink to red due to included clays; it is porous, f ossilifer-
ous and crudely bedded. Molds of stick-l ike corals, pelecypods and gas-
tropods are set in a matrix of sand and granule-size skeletal debris and
fine-grained carbonate mud. Around the flanks of Mount Santa Rosa
the basal l imestone is also pink to red and made up Iargely of tests of
foraminifera and fragments of coral. In both areas the l imestones are
interpreted as shallow-water deposits that were probably laid down as
Iagoonal or near-reef sediments in a tropical sea. The volcanic rocks below
the limestone are deeply weathered.

The nordstrandite occurs in secondarl ' soiution cavities in the l ime-
stone, as i l lustrated in Figs. I and2. The mineral f i l ls spaces between ag-
gregates of previously deposited calcite; it does not replace the calcite.
In plain poiarized l ight (Fig. 1), nordstrandite shows marked negative
relief against the abutting calcite. The crvstals are clear and barely dis-
tinguishable from one another. Some crvstals show gra)- to first order
deep-yellow colorsl birefringence in thin section is estimated at.015 to
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Frc. 1. Thin section showing nordstrandite in limestone from Guam, Plane polarized light,

X50. The nordstrandite occupies the light area in the center of the photomicrograph.

.020. Between crossed nicois the crystals are seen to be arranged radially
from discrete points or areas on the wall of the original void. The crystals,
as bladed and flamboyant aggregates, fan out from these centers toward
the opposite wall reaching a length of as much as 0.4 mm. In some voids
the nordstrandite shows up as a mosaic of intricately intergrown, twinned

Frc. 2. Thin section
X50. Same field as Fig.
in the original cavity.

showing nordstrandite in limestone from Guam. Crossed polars,

1. The nordstrandite forms bladed crvstals radiatins from a point
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anhedra. Several crystals seen do not impinge on the void walls; these
are tabular in form and terminate in sharp, well-deflned, pyramidal (?)
faces. Many of the crystals show poll 'synthetic twinning parallel to their
length. Interference figures on many larger crystals are off-center biaxial,
or pseudo-uniaxial (*); 2V is low; dispersion is high. The elongate
twinned cr1'stals show consistent negative elongation. The tabular
crr.stals shorv inclined extinction with aneles as great as 34".

Sulrlrlnv ol Orrrcer- .q.Nl Pgvsrcar- Pnopnttrrs

a:1.580* 004 (colorless) optic sign: (1)
p:1.580+.004(colorless) 2V:low
r:1.596+.004 (colorless) elongation:negative

^y - a: .016 extinction: inclined

Hardness:3
Specific gravity:2.43 Determined by Edr.ard J. Young using suspension-lVestphal bal-
ance method.

As the D'I'A curve of nordstrandite is very similar to that of gibbsite and is of limited
diagnostic value, it has not been reproduced in this paper.

X-nev Axar-vsrs

Samples of nordstrandite were separated from the l imestone by hand-
picking and by solution of the l imestone in dilute acetic acid and hot 1: 1
HCl. The finer cla1. materials were removed from the acid insoluble resi-
dues by wet sieving with disti l led water. Except for the amount of im-
purit ies, the r-ra1. diffraction patterns of the material obtained by the
three methods rvere identical, indicating that the nordstrandite observed
is not an artif icial product resulting from the method of separation but is
a phase existing in the original rock.

The r-ray powder diffraction data for the separated materiai are given
in Table 1 along with the data for synthetic nordstrandite given by Van
Nordstrand et al. (1956), Pap6e et al. (1958), and Lippens (1961), and
along with data on natural nordstrandite from Sarawak by Wall and
others (1962).

An attempt at single crystal studies was abandoned after several
(r61'ysl4i5" selected proved to be aggregates of many crystall i tes or to be
badly bent and distorted. As a result, no attempt was made to index the
r-ray data. Lippens (1961) has made a study of the structure of synthetic
nordstrandite and indexed the interplaner spacings on the basis of the
following monoclinic cell:

a  8 .63+0 .O2  A
b  5  0 1 + 0 . 0 2 A
c 19.12+0.O3 A
ts 92"00+70'
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Synthetic Nordstrandite Notdstrandite Gibbsite Bayerite

Van
Nordstrand
and cithers

(19s6)

d(A) r/rt

3 . 8 9
3 6 0

2 . 3 9

2  . 2 6

1 1

1 1

Pap6e
and

others
(19s8)

d(A) r/r1,

4 790 FF
4 373 14
4 . 3 1 0  m
4 2 0 5  m
4 . 1 5 3  m

3 . 8 8 0  m
3 6 0 0  m

3 . 4 6 2  t

3 0 2 2  |
2  .845 f
2 .706 t r

2 4 9 0  f r
2 . 4 7 8  m
2 . 4 5 1  f
2 .390 F

2 . 2 6 1  F

2 2776 fr.
2029 f t
2 . 0 1 3  m

1 8 9 8  m

Sarawak

Wall

and others
(1962)

Rooksby
(1961,

p. 384
38s)

4 85 100
4 3 7  4 0
4 3 1  2 0
3 3 5  6
3 . 3 1  1 0
.3 18 7
3 1 0  4
2 451 15
2 4 2 2  4
2 382 25
2.288 4
2 2 4 4  6
2 . 1 6 5  8
2 0 8 2  1
2 042 15
2 . 0 2 4  1
1 . 9 9 1  8
1 . 9 1 6  6
1 801 10
1 7 5 0  9
1 6 8 5  7
1 6 5 5  2
1 . 5 9 0  2
1  . .574 |
I  . . ) J 5  I

1 .5 .33  1
1 4 8 5  1
1 4 7 7  1
1 . 4 5 7  8
1 4 4 0  4
1 . 4 1 1  5
1 . 1 0 2  4
1 . 3 8 0  1
1 3 6 1  2
1 3 3 0  1
1 . 3 1 9  1
1 . 2 4 9  1

Rooksby
(1961,

38s)

d(A) r d ( A ) d(A) d(A)

4.785 100

4 33 205
4 . 2 0  1 5
4 . 1 5  1 3

4 . 3 3
4.205
4 . 1 5 6
3.928
3 892
3 . 6 0 4
3 . 5 6
3.467
3 . 2 i - O
3 2 2
3 184

004

200, r10
201,11I

1 1 1
202,112

112
1 1 3
203
1 1 3
t t4
204
006

02't, 311
0 2 1 , 3 1 1

008

023

I 789

4 . 3 2 2
4 207
4 156

3 887
3 600

3 . 4 2 9

3 022
2 850
2 . 7 0 4
2 . 6 6 3
2 497
2 480
2 . 1 5 0
2 .392
2 .349
2 263

2 148

2 074
2 . 0 3 3
2 016

1 . i  8  v s

4 3 3  s
4 . 2 0 6  s
4 . 1 5 3  s

3 . 8 8 6  m
3 . 6 0 0  m

3 . 4 2 5  m

3 1 , 1 0  v w
3 023 rv
2 8 4 9  w
2 704 brv
2 6 3 7  \ |

2 179 bm
2 ,445 rv
2 3 9 2  s
2 .330 v rv
2 2 6 1  s
2 2 2 5  F
2 1,18 vw
2 097 vrv
2 . 0 7 3  w N

2 0 1 6  s
1 982 vrv
1 959 vw
1 939 vw

1 . 8 9 9  s

4 - 7 1
4 . 3 5
3 2 0
2 7 0
2 . 4 6 2
2  . 3 5 8
2 . 2 1 7
2 t57
2 075
2 027
1 985
1 839
1 722
1 .694
1 . 6 4 7
1 602
1 . 5 7 2
1  . 5 5 5
1 458
1 416
1 393
1 .382
1 . 3 4 9

1 . 2 7 8
1 . 2 5 6
1 . 2 1 3
1 180

m
m
m

m
m

100

1 2
10
7

+
+

4

2
2
I

< 1
< 1

3
1
9

1

8
< 1
< 1

t00
55
20

3
3
6

60
4
3
4
3
1

20
1
3
o
3
4
8
5
4

1 1

1 5

I J

2 4 7 5  m
2-451 w
2 . 3 0 7  s

2 . 2 6 1  s

2 . O l 223

t 943,1 < I

I  .898

r Rad.-Cu Kcr I - I .54050 Filter, Ni
cut ofi-2o 20 I/L-difiractometer

z FF intense m-medium
F-strong f-faint
fr-very faint

3 vs-very strong vw-very weak
s-strong

m-medium or moderate b-broad
w-weak

a This line may be the result of a trace of admixed gibbsite or bayerite unrecognized by Palie eI al,. (1958).
5 Van Nordstrand and others (1956) report that this intensity is uncertain because of its overlap n'ith a line

of bayerite.
0 Typographical error?; perhaps should be 2 077,

d(A) I / I r3 hki
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'l'rnrr 1 (continued.)

Synthet ic \ordstrandite Nor4strandite

Varr
Nordstrand
and others

(1956)

Guam

00 12

135

600

CnBlrrcar Axervsrs

A chemical analysis of about 1 g of nordstrandite is given in Table 2.
The mineral is essentially an alumina hydrate. Recalculation of the

AlzOs and HrO+ to 7OO/6 (anal. 2, Table 2) shows an excess of AIrOa and
a deficiency of water compared with the theoretical trihydrate composi-
tion. This deficiency results partly from the montmorillonite and halloy-
site (which occur in about equal amounts) as well as goethite and a little
qrartz ivhich accompany the nordstrandite in the non-carbonate fraction
of the l imestonel these minerals could not be completely separated from
the nordstrandite that was analyzed. Calculation of the composition of
the nordstrandite after assignment of Ai2O3 and HzO to montmorillonite
and hallovsite (about 4/6 each) in accordance with the amount of SiOr

1 780i
1  .7  152
1 . 7 0 1 6

| 6706
1  6 5 1 8
1 .5948
1  5 7 2 2
1 549.5
1  513,1
1 4 1 " 1 3
1 4638
1 .439-s
|  4 2 7 3
I 4037
1 :1866

J

2
< l

2
< 1

1
I
3

< 1
5
I
1

< 1

Gibbsite

1 779 m/s

1 704 rv

1 6 7 2  w
1 b513 vw
1  5 e J  W / m

1.549 rv /m
I  5 t . t  m

1 . 4 7 7  m
1 4 6 . 5  v r v
1.4,10 m/s
1 +29 w/m
1 4 0 5  w
1 . .387 vw
1 .373 v rv
1 . 3 5 3  w
L105 m
| 276 vw
1.250 u ' lm
1.2 t2  v /w
| 226 w/m
1  2 1 6  w
l . 1 a 7 l  -
,  , . " f  x m

I 183 w,/m
1 175 vw
1  1 6 2  w i m
1  1 1 6  w / m
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l . 2 . 3 .
AhOr and HzO'of  

' l 'heoret ical
.1.\ orostrancrte- - 

;---.'---- analysis 1 recalcu- composition
Uuam 

l a i ed  ro  100 , ,  A l zOr .3HzO

SiOz
AlzOs
FezOe
HsO+
H'?O-

Analyst
Loss on ignition (H2O-,

HrO*)

99 00 100.00

Alerander Sherwood

3 1  . 9 2

4 4 4
63 97

. 2 5
29.O5

1 . 5 9

6 8 . 7 8

3 1  . 2 2

6.s .35

34.65

100.00

present still leaves a deficiency of water of about 37a. Atleast l/6 of this
may be analytical error inasmuch as the ignition loss which includes both
HzO* and H2O- exceeds the sum of determined HzO* and H2O- by
1.287a (Table 2). The rest of the discrepancy is unaccounted for. There is
no evidence in the r-ray patterns of the presence of other aluminum min-
erals such as boehmite that would appreciably alter the AIrOe: HzO ratio.

Semiquantitative spectrographic analyses of two different separates
from the l imestone are given in Table 3. These analyses confirm that the
material is essentialll' an aluminum mineral with minor Si and other ele-

T.teLE 3. Snrrquaxrmerrvr SpBcrnocnapurc ANer-vsrs or Two S,qupr,rs ol

Nonnstnetortn lnou Gueu
(Analyst, Katherine Y. Hazel)

L 2.

Over 70o/o
5_nak
r-57o

.5_7'Io
t _  ( c /

.0s- . r%
-01-.054k

.005-.uak
001-.00s%

.000s-.001%

.0001-.0005%

AI

Si
Fe
Ti, K, Na, Sn
Ca, Mg, Ni
( , r

Cu, Ga
Mn

AI

Si

Fe

Ca, Mg, Na, Ti, Sn

Cu, Ni
Ba
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ments. The Fe content reflects the small quantitv of goethite, and Na, K,
Ca, f NIg in the 0.01 toO.lo/s ranges reflect the small amount of mont-
moril lonite. Ti, Sn, Ni, and Cr possiblv occur in traces of unidentif ied
heavy minerals were noted in the acid insoluble residues. All visible
heavy minerals were removed by hand picking before analysis but un-
doubtedly some were missed. Ga, NIn and Ba were not duplicated in both
samples but very l ikely are also contained in the heavv mineral con-
taminants.

Pnosesrn Onrcrrr

The original voids now fi l led by nordstrandite apparentll. were pro-
duced by structurally controlled solution, probabll- subaerial, of the
limestone. The three converging, l inear areas of clear calcite leading in to
the central, clear areas shown on Fig. 1 are healed fractures that traverse
the rock and connect with other nordstrandite-fi l led voids. The init ial
deposit on the walls of the solution voids was a thin fiIm of reddish clay.
Directly overlying the clal 'f i lm clear caicite was deposited as subhedral
crystals that f i l l  the smaller fractures and line the larger voids. The flnal
deposit was nordstrandite. The nordstrandite growth centers from which
the crystals radiate are commonlv the areas of the original void wali that
lack a deposit of clear calcite. At these points the nordstrandite crystals
are in contact with the clay fi im and the crystals contain scattered, pos-
sibly residual, blebs of the clay. Nordstrandite does not occur in those
voids that are thickl1,- and completely l ined with calcite even though
some void space may remain. Emergence of the l imestone above sea
level, l i thif ication, and fracturing must have occurred before subaerial
solution produced the voids preferentially along hssures. Precipitation of
calcite from solution produced the first void l inings.'I 'he precipitation of
the nordstrandite was, then, a late-stage event in the history of the i inre-
stone.

Paple et al. (L958) noted that mixtures rich in nordstrandite were ob-
tained when alumina gels were aged at pH 13. \ ' 'an Nordstand el ol.
(1956) obtained nordstrandite mixed with the other trihydrates at lower
pH (7.5-9) but noted that the relative proportions varied according to
pH, ionic concentrations, seeding, and temperature. The pH of the l ime-
stone environment in which the natural nordstrandite was deposited was
probably no higher than 8.5 or 9 judging from the l imestone environment
field given by Krumbein and Garrels (1952). Temperature and ionic con-
centration are unknown, but as the precipitation of the nordstrandite was
a subaerial late stage, the temperature was probablv moderate. The
aluminous solutions which deposited the nordstrandite could have been
sround waters that ieached residual soils on basaltic rocks and tuffaceous



NORDSTRANDITE

material and that migrated along the contact between the basalt and the
limestone. This source would account for the concentration of nord-
strandite in the basal part cif the l imestone near its contact with the
basalt. The relation of nordstrandite to clay in the l imestone voids sug-
gests that the growth of clear nordstrandite may have been init iated by
nucleation on the clay surfaces. Further precipitation of alumina from
solution must then have taken place around these nucleation centers to
produce radiating groups of crystals such as those shown in Figs. I and2.
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