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APATITE REPLACEMENT AND RARE EARTH MOBILIZATION, 
FRACTIONATION, AND FIXATION DURING WEATHERING 
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Abstract--During an electron microscope study of the weathering of granite from southern New South 
Wales, Australia, an assemblage of minerals including florencite and rhabdophane was discovered re- 
placing apatite. Light rare earth elements released from allanite early in weathering apparently combined 
with P released by leaching of primary apatite to form secondary phases exhibiting a range of morphologies 
and compositions. Chondrite normalized fractionation patterns La > Nd > Sm > Ce; La > Ce > Nd 
_> Sm and La = Sm = Nd > Ce were identified. The rare earth elements were present in very small 
crystals and aggregates of secondary minerals (< 10 tzm) and coexisted with clays and secondary Fe-Ti 
oxides. The weathered granite was enriched about 6 to 10 times in all rare earth elements except Ce 
relative to fresh granite if the abundances were corrected for apparent enrichment due to reduction in 
density. The rare earth elements were probably derived from higher in the weathering profile, possibly 
by destruction of florencite and rhabdophane in very intensively weathered rock. Ce remained relatively 
immobile during weathering, probably due to its oxidation to Ce 4+. 
Key Words--Apatite, Florencite, Granite, Phosphorus, Rare earth elements, Rhabdophane, Scanning 
electron microscopy, Weathering. 

I N T R O D U C T I O N  

Some authors (e.g., Nance and Taylor, 1977; Han- 
son, 1980) have suggested that the rare earth elements 
(REE) are not readily fractionated under surficial con- 
ditions. This view has been refuted by studies that have 
demonstrated these elements can indeed be transport- 
ed and fractionated during weathering (see, e.g., Via- 
soy, 1966; Burkov and Podporina, 1967; Krasil 'nikov, 
1969; Nesbitt, 1979; Duddy, 1980; Harris, 1985). Ex- 
planations for the reported behavior of the REE vary. 
Nesbitt (I 979) suggested that fractionation of REE dur- 
ing weathering was due to adsorption of light rare earth 
elements (LREE) relative to heavy rare earth elements 
(HREE) on primary and secondary minerals. Duddy 
(1980) reported that REE are fixed by vermiculite, which 
has been found to contain as much as 10% La + Ce 
+ Nd + Y. REE-phosphates have been identified in  
residual and phosphorite deposits, in weathering crusts, 
and in soils (e.g., Vlasov, 1966; Norrish, 1968). 

Apatite weathering represents the major source of 
phosphorus for biological processes, sediments, and 
soils. The examination of the initial breakdown of ig- 
neous apatite is crucial to the understanding of the 
pathways of this element through the hydrosphere, bio- 
sphere, and lithosphere. Most studies ofapatite weath- 
ering have focused on the alteration of carbonate-rich 
sedimentary phosphorite deposits, carbonatites, and 
guano (see review by Altschuler, 1973). Altschuler 
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(1973) reported the reaction of carbonate-fluorapatite 
with clays to produce Ca(Na, K)-Al-phosphate and A1- 
or Fe-phosphate minerals, the compositions of which 
depended on the chemistry of the parent rock and de- 
gree of weathering. Flicoteaux and Lucas (1984) noted 
that acid conditions and the absence of carbonates i n  
rocks promoted the breakdown ofapatite, often leading 
to the formation of Fe- and Al-phosphates. They pro- 
posed that hydrous Fe-Al-phosphates formed either by 
adsorption of P onto clay minerals, or by a slow chem- 
ical etching of the clay structure accompanied by the 
precipitation of secondary minerals. 

The weathering of apatite in igneous rocks having 
phosphorous contents equivalent to 1% apatite (~ 0.05% 
P205), however, has not been described in detail. This 
paper reports details of the morphology, mineralogy, 
and chemistry of the weathering products of primary 
apatite in such a rock, and illustrates the complex man- 
ner in which rare earth elements may be fractionated 
during weathering. 

EXPERIMENTAL 

Samples 
Samples of fresh and progressively weathered granite were 

collected from a profile exposed near the base of a road-cut 
in the I-type (Chappell and White, 1974) Bemboka grano- 
diorite, near Brown Mountain, on the Snowy Mountains 
Highway between Cooma and Bega, southern New South 
Wales, Australia [Figure 1 0eft)]. The samples were collected 
outward from th6 central areas of increasingly weathered gran- 
ite tors [Figures 1 (center) and 1 (right)]. The fresh rock con- 
tained plagioclase, K-feldspar, quartz, biotite, minor amphi- 
bole, and accessory zircon, apatite, allanite, and, possibly, 
thorite. The granite also contained small amounts of epidote, 
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Figure 1. (left) Location of the Bemboka and Island Bend weathering profiles in southern New South Wales, Australia. 
(center) Photograph of weathered granite boulders after samples had been collected. (right) Diagram illustrating the regions 
from the area shown in Figure lb  where individual samples were collected. 

chlorite, muscovite, and titanite, thought to be low-temper- 
ature hydrothermal alteration products. 

Materials examined in this study ranged from fresh granite 
having a density of 2.7 g/cm 3, to highly weathered granite 
having a density of about 1.8 g/cm 3. Decreasing density of 
the samples appeared to correlate directly with the intensity 
of weathering. In moderately weathered samples, biotite was 
replaced largely by vermiculite, amphibole was partly re- 
placed by smectite and iron oxide, and plagioclase was ex- 
tensively altered to halloysite. In highly weathered samples, 
biotite and vermiculite were replaced by kaolinite and goe- 
thite, plagioclase was completely replaced by halloysite and 
kaolinite, and K-feldspar was deeply etched and converted to 
kaolinite. The highly weathered samples were extremely po- 
rous, but retained the original granitic texture. Thus, the 
weathering of the granite probably occurred without expan- 

Figure 2. Scanning electron micrograph of  an etched apatite 
crystal and replacement rind. 

sion or contraction of the granitic fabric, i.e., isovolumetri- 
cally. 

Biotite in the fresh granite contained etthedral apatite crys- 
tals as long as 60 #m. Biotite was handpicked from the crushed 
granite and split along cleavage planes with a razor blade to 
expose basal planes from the interiors of crystals. To minimize 
contamination, the samples were immediately lightly coated 
with carbon or gold and examined in the scanning electron 
microscope (SEM). Partially weathered biotite contained hex- 
agonal and prismatic pits formed by the dissolution of  these 
apatite crystals. It is in these pits that secondary phases were 
observed in the SEM. At least 100 examples of coexisting 
apatite and secondary minerals from six samples displaying 
different degrees of weathering were examined in this study. 
Apatite crystals from a second profile in the Island Bend 
granite (Figure la) were also examined to test whether the 
observations from the Bemboka profile were the result of a 
unique process or represent a more general phenomenon. 

Electron microscopy 
Biotite crystals containing partly and completely weathered 

apatite crystals were examined in a Cambridge Stereoscan 
180 scanning electron microscope operated at 30 kV. An en- 
ergy dispersive X-ray spectroscopic system (EDX) allowed 
qualitative chemical analysis of the apatite and its alteration 
products. Material firmly attached to pit walls was removed 
under a light microscope using a fine needle and examined 
separately by X-ray powder diffraction (XRD) and transmis- 
sion electron microscopy (TEM). Electron images and dif- 
fraction patterns were obtained using JEOL 100CX and 200B 
transmission electron microscopes. A scanning-transmission 
electron microscope (STEM) fitted with EDX was used to 
confirm the identity and to examine the composition of some 
of the TEM samples. The SEM was used to locate material 
which was then extracted and examined by optical micros- 
copy. 
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Figure 3. Scanning electron micrographs showing alteration products formed by replacement of apatite: (a) donut-shaped 
aggregates; (b) intermeshed donut-shaped alteration products; (c) irregular surfaces on donut-shaped particles; (d) knobbly 
rind on an etched apatite crystal enclosed in biotite; (e) aggregate of elongate crystals; (f) elongate crystals on the altered 
surface of an apatite crystal enclosed in biotite. 

X-ray powder diffraction Elemental analyses 
A very small amount  (<< 1 ug) ofapatite alteration products Elemental abundances in mineral and clay separates and 

was collected onto the end of a fine glass spindle, and X-rayed in whole rock samples were determined by neutron activation 
with CoKa radiation in a 114-mm Gandolfi camera, analysis (NAA). Samples (~350 mg) were irradiated in a ther- 
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Figure 4. Scanning electron micrographs of: (a) etched apa- 
tire crystal in biotite, with donut-shaped particles in an al- 
teration rind; (b) co-existing donut-shaped particles and crys- 
tals in a pit in biotite; (c) aggregate of donut-shaped particles 
with central holes. 

mal neutron flux of 4 x 1012 n,/cmZ/s for 24 hr; six counts 
were taken at intervals over a period of six months. REE 
analyses were obtained for 14 samples, including six whole 
rock samples from the Bemboka profile that showed varying 
degrees of weathering, three clay samples extracted from the 
most weathered members of this sequence, and fresh and 
moderately weathered biotite separates. Three samples from 

Figure 5. Scanning electron micrograph of the fractured sur- 
face of a large aggregate of alteration product. 

the Island Bend granite weathering profile were also analyzed 
in this manner. 

The chemical compositions of the minerals replacing apa- 
rite were determined using a wavelength-dispersive CAMECA 
electron microprobe. As data were collected from irregular 
surfaces and from deep within pits, the results are only semi- 
quantitative. 

RESULTS 

Morphology of alteration products 
Early-stage weathering of apatite crystals resulted in 

the development of etch pits and replacement rinds 
(Figure 2). As weathering proceeded the apatite was 
found to be increasingly replaced by a variety of sec- 
ondary phases, which can be seen as rims, donut-shaped 
aggregates, and euhedral crystals (Figures 3a-3f). 
Donut-shape aggregates were locally present within what 
appears to be an alteration rind (Figure 4a). Donut-  
shape particles and crystals of secondary minerals were 
rarely found in the same pit; Figure 4b shows one of 
the only pits in which they coexist. 

Figures 3a-3c illustrate that the surfaces of donuts 
were covered with concentric ridges. Donuts com- 
monly had a central circular depression, some had a 
complete central hole (Figure 4c), and many resembled 
a flattened helix. In Figure 5, the internal structure 
dominated by radiating crystals suggests that the mor- 
phology of alteration products was controlled by their 
internal organization. 

Donut and rim mineralogy of florencite 
X-ray powder diffraction. The d-values of an aggregate 
of alteration products obtained by XRD are listed in 
Table 1. Most d-values could be assigned to florencite, 
a hydrous, light-rare-earth-element Al-phosphate, and 
apatite. The remaining strong reflections at 4.2 and 3.7 

could not be attributed to either of these phases or 
uniquely to any other mineral. 

Chemistry. Qualitative EDX data indicate that donuts 
and rims consist chiefly of La, Ce, Nd, Sm, A1, and P 
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Table 1. X-ray powder diffraction data for apatite (a) alter- 
ation products, including florencite (f) and an unidentified 
mineral (?). 

d-values (A) Intensity (UIo) ~ Mineral 

5.65 9 f 
4.18 10 ? 
3.72 6 ? 
3.50 4 f 
3.40 4 a 
3.18 3 a 
3.07 3 a 
2.93 5 a, f 
2.81 9 a, f 
2.77 5 a 
2.71 5 a, f 
2.63 4 a 
2.60 1 ? 
2.39 3 f 
2.25 3 a, f 
2.14 1 a , f  
2.03 1 a, f 
1.94 3 a 
1.88 5 a, f 
1.84 5 a 
1.80 3 a 
1.77 1 a 
1.75 1 a, f 
1.72 1 a 
1.68 1 a, f 

Relative intensities were difficult to estimate as data were 
obtained from a minute quantity of material collected onto 
a glass spindle (a few cubic micrometers of sample). 

a n d  smal le r  a m o u n t s  o f  Fe, Ca, Ba, Pb,  a n d  H R E E .  
Chemica l  da t a  f r o m  a l t e ra t ion  p roduc t s  (Tab le  2) are 
cons i s t en t  w i th  the  X R D  iden t i f i ca t ion  o f  f lorencite ,  
wr i t ten :  

(La, Ce, Nd ,  Sm,  Ba, Ca, Fe, Pb)A13(PO4)dOH)6. 

Table 2. 

Optical microscopy. In  p l ane  po la r ized  l ight  the  d o n u t -  
shaped  part icles  were t r anspa ren t  pale-yel lowish-green,  
non-p leochro ic ,  a n d  h a d  ref rac t ive  ind ices  o f  1 .52-1.6 .  
U n d e r  crossed polars  these  part icles h a d  f i rs t -order  gray 
bi refr ingence,  a n d  o n  r o t a t i o n  they  p r o d u c e d  a n  ex- 
t i nc t ion  pa t t e rn  s imi la r  to  a b iax ia l  pos i t ive  in te r fer -  
ence  figure, w i t h  a s i m u l a t e d  2V o f  a b o u t  30 ~ T h i s  
a p p a r e n t  in te r fe rence  figure is no t  comple t e ly  u n d e r -  
s tood.  

Transmission electron microscopy. Images  a n d  diffrac- 
t ion  p a t t e r n s  f r o m  t h i n  s l ivers  o f  a l t e ra t ion  p roduc t s  
r evea led  t h a t  the  d o n u t s  were c o m p o s e d  o f  aggregates 
o f  r ad ia t ing  crystals  s u r r o u n d e d  by  ve ry  fine par t ic les  
o f  crysta l l ine  mater ia l .  F igures  6a  a n d  6b  fu r t he r  illus- 
t ra te  the  p resence  o f  d o m a i n s  o f  a p h a s e  h a v i n g  a ve ry  
fine ne t  or  cell-l ike appea rance .  E lec t ron  di f f rac t ion 
pa t t e rn s  o f  th i s  ma te r i a l  c o n t a i n  a few b r o a d  r ings  (Fig- 
ure  6c), wh ich  exh ib i t  s t rong p re fe r red  o r i en ta t ion ,  con-  
s i s tent  wi th  the  p resence  o f  m a n y  smal l  un i t s  a r r anged  
in  a regular  m a n n e r .  Single crysta l  spots  were  also pres-  
en t  in  m a n y  di f f rac t ion pa t te rns ,  typical ly  supe r im-  
posed  on  the  p o w d e r  rings,  a n d  d i sp lay ing  a regular  
r e l a t i onsh ip  to the  m a x i m a  a n d  m i n i m a  in  t h e m  (Fig- 
ure  6d  a n d  6f) .  D a r k  field images  o b t a i n e d  us ing  single 
crystal  ref lect ions show p r i s m a t i c  l a ths  c o m m o n l y  
longer  t h a n  1000 ~ .  A b r igh t  field image  o f  these  ra-  
d ia t ing  la ths  is s h o w n  in  F igure  6e. S o m e  e lec t ron  dif-  
f rac t ion  pa t t e rns  o f  a l t e r a t ion  p r o d u c t s  s h o w e d  add i -  
t i ona l  ref lect ions at  a b o u t  4.2 a n d  3.7 ~ ,  w h i c h  are 
i n c o m p a t i b l e  w i th  f lorenci te  (Figure 6d). These  reflec- 
t i ons  were c o m m o n  p e r p e n d i c u l a r  or  paral le l  to  m a x -  
i m a  in the  p o w d e r  r ings or  spots,  suggest ing the  pres-  
ence  o f  a second  phase  in an  o r i e n t a t i o n  t h a t  is 
c rys ta l l0graphica l ly  con t ro l l ed  by  the  first ma te r ia l .  

Microprobe analyses (wt. %) of florencite and apatite from Bemboka 4. 

Sample La20~ Ce203 Nd203 Sm203 BaO CaO FeO P20~ A120~ Total 

Type-t florencite: La >> Ce 
14 15.8 1.1 4.0 0.7 1.8 1.0 1.7 10.8 26.2 63 
15 15.6 1.2 5.0 0.8 2.2 1.1 1.7 11.6 39.7 79 
16 16.3 1.6 4.9 0.9 2.2 1.0 2.4 22.4 34.1 86 
18 13.9 1.1 4.7 0.8 1.1 0.9 2.5 22.6 36.7 84 
19 11.8 0.7 3.7 0.5 0.0 0.7 3.3 15.2 26.4 62 

2 18.0 0.8 5.5 0.9 1.3 8.5 2.5 22.1 33.4 93 
3 11.4 1.1 3.2 0.6 1.0 0.9 3.8 17.9 33.4 73 
5 13.9 2.6 4.1 0.6 2.1 0.6 2.7 26.8 45.0 98 

23 16.0 1.7 4.7 0.9 3.0 3.5 2.0 8.1 22.8 63 
4 16.8 0.8 4.9 0.8 2.0 2.9 4.6 18.1 30.1 81 

Type-2 florencite: La ~ Ce 
12 5.9 6.5 4.6 1.2 4.0 1.1 1.9 11.8 36.7 74 
13 4.0 8.3 4.9 1.6 1.6 0.7 3.1 8.0 25.0 57 
6 3.7 5.7 1.0 0.7 5.4 1.3 1.5 28;9 44.3 93 
7 3.2 5.7 1.9 0.6 7.2 2.2 1.3 27.5 35.0 85 
8 3.9 6.6 2.6 0.7 5.5 1.7 1.9 20.1 44.7 88 

21 3.5 5.7 2.9 0.6 0.3 1.1 3.6 16.1 28.0 62 
25 5.2 4.6 4.2 1.1 Ti 0.9 6.6 15.4, 40.2 78 
26 6.1 5.8 4.0 0.9 3.5 3.2 12.5 11.3 45.4 93 

Apatite 0.1 0.3 0.2 0. l 0.0 56.2 0 . 6  42.5 0.0 100  
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Figure 6. Transmission electron micrographs and electron diffraction patterns of alteration products: (a) cluster of radiating 
fibers mounted on a holey carbon grid; (b) higher magnification image of material in (a) revealing a cell-like texture; (c) electron 
diffraction pattern containing broad rings having intensity distributions suggestive of aggregates of minute crystals with 
preferred orientations; (d) electron diffraction pattern containing single crystal reflections at 4.2 and 3.75 A; (e) bright-field 
image of larger crystals about 1000 & in length; (f) electron diffraction pattern containing single crystal reflections, commonly 
superimposed on powder rings. 

Euhedral crystals replacing apatite: rhabdophane 
Crystals illustrated in Figure 7 were extracted and 

identified as rhabdophane using electron diffraction 
data. The Z*-[110] and X*-Z* zones are shown in 
Figures 8a-8c. Rhabdophane,  commonly  written as 
CePO4. H20, is a hexagonal, low-temperature analogue 
of  monoclinic monazite  (Mooney, 1950). The hexag- 
onal nature of  the crystals shown in Figure 8d is ap- 
parent. An EDX spectrum from crystals in Figure 8a 
is shown in Figure 8e. The spectrum contains large Nd  
and La peaks and virtually no Ce peak. Bowles and 
Morgan (1984) reported similar Nd-domina ted  com- 

positions and noted that rhabdophane from magmatic  
rocks tends to be more Ce rich than that from sedi- 
ments and l imonit ic ores, which contain significant Nd. 

Unidentified crystals replacing apatite 
A second type o f  prismatic crystals was noted on a 

REE-Al-phosphate r ind (Figure 9). Electron micro- 
probe analyses indicated that these crystals contained 
no significant P, but  were rich in A1 and REE, partic- 
ularly La, Nd,  and Sm (see Figure 10). The oxide totals 
for this material  were low (50-72%), suggesting that 
this phase may contain CO2, F, H20, or some com- 
bination of  these. 
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Table 3. Analyses from Table 2 expressed as percentage of 
florencite and percentage of excess oxides. 

Sample 

(2) 
REE 

(1) + Ca (3) (4) 
Floren- + Ba AI + Fe REE atomic ratios 

ere excess excess 
(%) (%) (%) La:Ce:Nd:Sm 

Type-I florenci~ 
15 50 18 33 69 5 22 4 
14 60 21 23 73 5 19 3 
4 74 14 15 72 4 21 4 

19 76 3 17' 71 4 22 3 
3 74 1 21 70 7 20 4 
2 78 15 11 71 3 22 4 

18 82 0 27 68 6 23 4 
5 82 0 17 66 12 19 3 

16 83 5 12 69 7 21 4 
Type 2-florencite 

26 40 18 36' 36 35 24 6 
12 50 20 33 33 36 25 7 
13 50 26 29 21 44 26 8 
25 60 0 31' 34 31 28 7 

8 69 0 26 28 50 19 5 
21 78 0 19 27 45 23 5 

6 90 0 13 33 51 9 6 
7 96 6 6 28 50 17 5 

Coexist with Fe-Ti oxides. 

Chemistry of  donut and rim alteration products 
Semiquantitative electron microprobe data for apa- 

tite and florencite are listed in Table 2. Probe totals 
generally range between 80% and 100%. A mean value 
for the alteration products of  about 89% is close to that 
expected for florencite. The data in Table 2 are divided 
into two groups on the basis of  the relative abundances 
of  LREE. Although the two varieties of  florencite were 
also distinguishable on the basis of  their total REE and 
Ba contents, they could not be distinguished morpho- 
logically. Within a single biotite crystal, pits containing 
both types of  florencite were identified. Type-1 floren- 
cite contained very abundant LaeO3, and very little 
C e 2 0 3 ,  whereas C e 2 0 3  constitutes as much as half  the 
LREE assemblage in type-2 florencite. Type-2 floren- 
cite was enriched in Ba and Ca and was characterized 
by a lower total REE content than type-1 florencite. 
The relative abundances of  LREE in the two types of  
florencite differed significantly from the LREE distri- 
bution pattern obtained from the prismatic crystals 
(which were developed on a substrate of  the more Ce- 
rich, type-2 florencite). These three LREE fractionation 
patterns, plotted in Figure 10, have been normalized 
to chondritic REE abundances. 

Overall, the chemical data displayed large variations 
in the relative abundances of  REE, A1, P, Ba, Fe, and 
Ca. Assuming that florencite was the major component  
of  alteration products, the data in Table 2 were con- 
verted to molecular proportions using a formula based 
on 22 oxygens. For  almost all samples, insufficient 

Figure 7. Scanning electron microscope micrograph of very 
small crystals within a pit in biotite. These crystals were ex- 
tracted and identified by electron diffraction and analytical 
electron microscopy as rhabdophane (see Figure 8). 

phosphorus was present for the analyses to represent 
only florencite. The remaining quantities of  A1 and 
REE are listed in Table 3 with the proportion o f  each 
analysis that could be expressed as florencite and the 
associated La:Ce:Nd:Sm ratio of  the sample. 

Neutron activation results 
N A A  of  samples from the Bemboka and Island Bend 

profiles are shown in Table 4. The results for inCreas- 
ingly weathered granite have been converted from 
weight-based data to abundances expressed in g/cm 3, 
using measured sample densities. By assuming that 
weathering was isovolumetrical (Gardner et al., 1978, 
1981), direct comparison of  volume-based abundances 
in fresh and weathered samples can be made to indicate 
whether an element had been added or lost from a 
profile. By normalizing the results to the fresh rock, 
changes resulting from weathering were revealed. In 
Figure I I the results for each sample are plotted against 
the sample density. 

To determine whether enrichment o f  the profile was 
related to a fractionation of  the REE (other than Ce, 
which is clearly strongly fractionated from the other 
REE), data normalized to fresh rock were plotted for 
all REE determined (Figure 12). This method of  pre- 
sentation is analogous to chondrite normalization; re- 
sults reflect the change in relative abundances of  REE 
as a result of  the process studied. The net effect of  
apatite replacement can also be determined by com- 
paring the REE contents o f  weathered and unweathered 
biotite. This comparison is illustrated in Figure 12, 
where the REE content o f  unweathered biotite has been 

https://doi.org/10.1346/CCMN.1989.0370202 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1989.0370202


120 Banfield and Eggleton Clays and Clay Mineral,~ 

https://doi.org/10.1346/CCMN.1989.0370202 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1989.0370202


Vol. 37, No. 2, 1989 121 Apatite weathering 

1 , 0 0 0 , 0 0 0  

Figure 9. Scanning electron micrograph of crystals having a 
light rare earth element-A1 composition, on a type-2 florencite 
replacement rind (see text). 

subtracted from that of  the weathered biotite and the 
result normalized to fresh rock REE contents. 

The distr ibution of  REE between the clay and non- 
clay fraction in a moderately weathered sample (Bem- 
boka 4) is illustrated in Figure 13. Table 5 indicates 
the distr ibution of  REE between minerals in different 
fractions of  this sample. In column 1 of  Table 5 the 
percentage of  the total abundance of  each REE that 
can be accounted for by replacement of  apatite within 
the 10% modal  biotite in the granite has been calculated 
using the biotite composi t ion determined by N A A  (Ta- 
ble 4). Column 2 lists the percentage o f  the REE content 
accommodated by the clay fraction. This proport ion 
was determined using the analysis of  Bemboka 4 clay 
(see Table 4) and the percentage clay in the sample 
(determined to be 9% by particle size analysis). Column 
3 in Table 5 lists the percentage of  REE in the whole 
rock that can not be accounted for by replacement of  
apatite in biotite or by the clay fraction (Total REE - 
columns 1 and 2). 

The N A A  results for fresh and weathered granite and 
the clay fraction from weathered material  in the Island 
Bend profile plotted in Figure 14 show that a slight 
fractionation of  the REE has occurred. MREE and 
HREE have been slightly enriched in the profile, and 
La was conserved. The plot contains a negative Ce 
anomaly. Results for the clay fraction indicate that as 
in the Bemboka profile, Ce was strongly associated with 
clay-sized materials. The heavier  REE also show some 
tendency to concentrate separately from the lighter REE, 
possibly parti t ioning more strongly into the clay frac- 
tion. The behavior  of  the REE in the Island Bend pro- 
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Figure 10. Chondrite-normalized rare earth element frac- 
tionation patterns for replacement phases, illustrating differ- 
ences in relative contents of light rare earth elements. 

file was similar to that observed in the Bemboka profile, 
the major  difference being the far less extreme nature 
of  the enrichment process. 

DISCUSSION 

Mineralogy of alteration products 
The SEM observations suggest that the alteration of  

apatite by dissolution and exchange of  chemical com- 
ponents (e.g., Ca and REE) with fluid commenced in 
the early stages of  weathering and resulted in a complex 
assemblage of  secondary minerals, which exhibit a va- 
riety of  morphologies and composit ions.  In addit ion 
to the crystallization of  rhabdophane and two chemi- 
cally distinct types of  florencite, microprobe analyses 
(Tables 2, 3), electron diffraction patterns (Figure 6f), 
and XRD data (Table 1) suggest that another weath- 
ering product coexists with florencite. The results in 
Table 3 indicate that the % REE and % A1 in excess 
of  that required for florencite are broadly similar, sug- 
gesting that i f a  second phase is present, it may contain 
REE and A1 in the proport ions of  roughly 1:3. La:Ce: 

Figure 8. (a) Transmission electron micrograph of a rhabdophane crystal mounted on a holey carbon grid; (b, c) electron 
diffraction patterns ofhkl and hOl nets from rhabdophane; (d) scanning electron micrograph of crystals before extraction from 
pit, exhibiting hexagonal crystal form; (e) scanning-transmission electron microscope energy-dispersive X-ray scan indicating 
a La-Nd-P composition. 
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Rare earth element enrichment in samples from 
the Bemboka profile vs. rock density. Volumetric abundances 
have been normalized using volume-based abundances in fresh 
rock. Dashed line represents plot for an element that was 
neither added to, or lost from the profile during weathering. 

Nd:Sm ratios listed in Table 3 do not show a clear or 
consistent variation if excess REE and AI are present. 
If  another REE-bearing phase is present, its REE dis- 
tribution pattern does not differ markedly from that of 
the coexisting florencite. 

The existence of at least four different REE-bearing 
alteration products in close spatial proximity has been 
established. The variety of alteration products may 
reflect different chemical environments under which 
crystallization proceeded. Alternatively, the different 
secondary minerals may reflect crystallization from dif- 
ferent REE sources. For example, type- 1 florencite may 
have crystallized largely from REE introduced to the 
sampled zone, whereas type-2 florencite could have 
formed early from REE originally present in the gran- 
ite. This origin is consistent with its chondrite- 
normalized REE pattern (Figure 10), which resembles 
that of the unweathered granite. The coexistence of 
these minerals does not appear to be attributable to an 
evolutionary sequence, such as described by Altschuler 
(1973), inasmuch as no overall trend in relative REE 
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Figure 12. Enrichment of individual rare earth elements in 
slightly (2), moderately (3, 4), and strongly (5, 6) weathered 
Bemboka granite. Line A is the enrichment in biotite from 
(4), relative to fresh rock. For A to represent the actual con- 
tribution of apatite replacement to the overall enrichment, 
plot must be scaled down by factors representing the biotite 
content of the rock and amount of apatite in the rock that is 
not present as inclusion in biotite. 

abundances has been noted with increasing weathering 
(Figure 12). 

Cerium fractionation 
The behavior of Ce differed significantly from that 

of the other REE, as reflected in the notably low Ce 
content of three of the four alteration products of apa- 
rite analyzed. Type-2 florencite was the only identified 
apatite alteration product that contained appreciable 
Ce. Calculations based on the analysis of weathered 
biotite presented in Table 4 show that in granite con- 
taining 10% vermiculitized biotite, inclusions in this 
mineral can account for only 8% of the Ce in the rock, 
suggesting that type-2 florencite is scarce. On the basis 
of the Ce contents of fresh and weathered biotites (see 
Table 4), very little Ce was apparently introduced into 
the biotite during weathering, indicating that the Ce 
content of type-2 florencite was derived from sources 
within the biotite, probably apatite. 

Ce is strongly concentrated in clay-size (< 2 #m) ma- 
terials (Table 2 column 5; Figure 13). Most of the REE 
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Figure 13. Distribution of rare earth elements between the 
clay and non-clay fractions of Bemboka 4. A = total enrich- 
ment in the sample; B = enrichment in the non-clay fraction; 
C = enrichment in the clay-size fraction. 

(particularly LREE) in the fresh granite are hosted by 
allanite. Optical examination of this mineral indicated 
that it weathered to red-brown material, the electron 
diffraction patterns from which contained a few broad, 
diffuse rings. Thus this Ce-rich, finely crystalline ma- 
terial probably was concentrated in the clay-size frac- 
tion. 

The fractionation of Ce from trivalent REE in sea 
water by oxidation and precipitation as CeO2 was orig- 
inally suggested by Goldberg (1961). This concept, sup- 
ported by Ludden and Thompson (1979) and Elderfield 
et al. (1981), suggests that Ce has a relatively low sol- 
ubility in meteoric water. Under  the oxidizing condi- 
tions that prevail during weathering of the Bemboka 
granodiorite, the formation of a quadrivalent species 

Table 5. Distribution of rare earth elements (% of total) in 
secondary phosphate minerals after apatite. 

R e s i d u a l  in  b io t i t e  I n  c l ay  f r ac t ion  N o t  a c c o u n t e d  for  

La 52 16 32 
Ce 8 62 30 
Nd 56 14 30 
Sm 57 14 29 
Eu 53 14 33 
Gd 48 14 38 
Tb 42 18 40 
Ho 42 19 39 
Yb 38 19 43 
Lu 38 18 44 

A -  

~ c  

.1 I I I ~ I I I I I J I I I 

L a  C e  P r  N d  P m  S m  E u  G d  T b  D y  H o  E r  T m  Y b  L u  

Figure 14. Enrichment of rare earth elements in strongly 
weathered Island Bend (IB 6) granite (A); non-clay fraction 
ofIB 6 (B); and clay fraction ofIB 6 (C). Dashed line represents 
result if abundance (ppm/cm 3) of each rare earth element in 
IB 6 is equal to that in fresh granite. 

drastically reduced the mobility of Ce, explaining the 
strong fractionation of this element from the other REE 
observed in this study. 

R E E  enrichment o f  the weathering profile 
The whole rock analyses in Table 4 indicate that the 

profile was substantially enriched in REE during 
weathering. As illustrated in Figure 11, the REE con- 
tents of weathered granite samples are significantly 
greater than those of fresh rock, confirming that the 
replacement of apatite described here was the result of 
weathering, not of hydrothermal alteration. Figure 12 
reveals that the net result of apatite replacement by 
REE-bearing phases was to enrich most REE to a sim- 
ilar extent, without strong fractionation. Thus, the as- 
semblage added to the profile probably had a REE 
signature very similar to that of the unweathered rock. 
REE were probably derived from elsewhere in the 
weathering granite. Abundances of all REE except Ce 
appear to peak, and then remain constant through to 
the final stages studied, reflecting fixation of the REE 
in minerals that were resistant to further alteration 
under the conditions encountered in this region. In- 
tervention of erosion at this stage would have produced 
sediments containing rather insoluble REE-phosphate 
minerals (log K~p ~ rhabdophane at 25~ is about - 2 4 ;  
Jonasson et al., 1985). 

Strong enrichment of the Bemboka profile in all REE 
except Ce implies that under different conditions, such 
as encountered higher in the profile where organic mat- 
ter may participate strongly in weathering reactions, 
secondary REE-bearing minerals must break down. A 
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Figure 15. Scanning electron micrograph of partly weath- 
ered apatite crystal enclosed in biotite. Apatite has been re- 
placed by material that locally displays half-donut shapes. 

similar process was described by Altschuler et al. (1958) 
and Altschuler (1973), who reported secondary en- 
r ichment of  U in crandallite and apatite, apparently as 
the result of  expulsion of  U from crandallite as it  was 
converted to wavellite in an upper zone. 

The similarity between the shapes of  the enrichment 
plots of  the bioti te and whole rock in Figure 12 supports 
the conclusion that apatite replacement within biotite 
crystals controlled the distr ibution of  REE in the 
weathered rock; however, the biotite plot is more en- 
riched in LREE than that of  the weathered granite. 
Similarly, column 3 of  Table 5 indicates that a higher 
proport ion of  the HREE (than MREE and LREE) can 
not be accounted for by apatite replacement in biotite 
or the clay fraction. Together, these observations sug- 
gest crystallization of  a more HREE-enriched weath- 
ering product  not  enclosed within biotite. 

Behavior of P, Ba, Th, H f  U, and Sb 
The P205 contents of  samples from the Bemboka 

weathering profile range from 0.05% in fresh granite 
to 0.01-0.02% in strongly weathered samples (Banfield, 
1985), indicating that about 85% of  the P originally 
present was removed from the profile in solution dur- 
ing weathering. This loss is reflected by the small vol- 
ume of  alteration products relative to parent apatite 
and the presence of  obvious solution pits in apatite in 
moderately weathered granite. 

None of  the other trace elements analyzed were 
strongly enriched in the weathering profile. Although 
Ba was concentrated in the apatite replacement phases, 
it  was apparently derived from the surrounding biotite. 
This enrichment is most  clearly demonstra ted by the 
data in Table 4, which indicate that the Ba content of  
the weathered biotite is actually lower than that of  the 
fresh biotite. Th, and to a lesser extent Hf, U, and 
possibly Sb, were concentrated in the weathered biotite 

Figure 16. Disk-shaped rare earth phosphate minerals in a 
hexagonal pit in biotite from Island Bend granite. 

(presumably in apatite replacement phases), although 
these elements were lost overall during weathering. 

Role of organisms 
Organisms such as bacteria were possibly involved 

in the formation of  donut-shape apatite replacement 
products. Lucas and Pr rv6t  (1985) and Prrv6t  and 
Lucas (1986) synthesized apatite using microorgan- 
isms. Lucas and Prrv6t  (1985) reported the formation 
of  microspheres having a size range similar to that of  
the donut-shape particles and that  occurred as chains 
and aggregates having a radial  structure. They sug- 
gested that the microspheres may have been miner-  
alized organisms either directly conserved or serving 
as seeds for further crystallization. We have no evi- 
dence to indicate that microorganisms were responsi- 
ble for the donut shape of  aggregates, other than their 
strong morphological resemblance to those reported 
by Lucas and Prrv6t  (1985). The formation of  replace- 
ment  r ims containing half-donut shapes and tiny ag- 
gregates nucleated on apatite surfaces, such as illus- 
trated in Figure 15, the range of  euhedral crystals o f  
replacement minerals (Figures 3e, 3f, 7, and 9), and 
the high REE content suggest crystallization by an 
inorganic process. I f  organisms were involved in the 
formation of  the donut-shape aggregates, they have 
been replaced in every sample examined. 

Apatite weathering in the Island Bend profile 
In the Island Bend profile apatite weathering was 

characterized by the development  of  crystallographi- 
cally controlled etch pits and the formation of  small 
quantities of  a secondary mineral  (Figure 16). Quali- 
tative EDX analyses of  this material  indicated that it  
was composed chiefly of  LREE and P. Although in- 
sufficient material  was available for further identifi- 
cation of  the alteration products, these observations 
complement  those on samples from the Bemboka pro- 
file. 
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Shale-normalized rare earth abundances in (l) Figure 17. 
fresh, (2) slightly weathered, (3, 4) moderately weathered, and 
(5, 6) strongly weathered Bemboka granite and in clay frac- 
tions from (4), (5), and (6). Shale rare earth contents from 
Haskin and Haskin (1966). 

APPLICATIONS 

Studies of  the REE contents of  sediments have been 
used to examine aspects of  their origin (e.g., Piper, 
1974) and to contribute to an understanding of  crustal 
evolution (e.g., Wi ldeman and Haskin, 1973; Nance 
and Taylor, 1976). The form and distr ibution of  REE 
in these sediments must  be controlled in part  by re- 
actions which occur at the weathering front. 

Shale-normalized REE patterns for fine-grained sed- 
iments are characterized by a posit ive Ce anomaly,  
whereas coarser grained sediments are associated with 
a negative Ce anomaly (Tlig, 1982). In Figure 17, clay 
and whole rock abundances for the Bemboka granite 
have been normalized to shale using data from Haskin 
and Haskin (1966). Although the posit ive Ce anomaly 
in the clay fraction in Figure 17 appears to be small, 
it should be noted that the REE pattern for this fraction 
is partly controlled by apatite alteration products which 
superimpose a strong negative Ce anomaly.  The clear 
association of  Ce with the clay fraction suggests that  
the distr ibution o f  Ce between fine and coarser frac- 
tions is a characteristic which developed during weath- 
ering. 

On the basis of  experimental  data using concentrated 
solutions, Jonasson et al. (1985) showed that LREE 
react with fluorapatite surfaces. They proposed that 

rhabdophane and hydrous xenotime are important  
phases in controlling REE concentrations in the oceans. 
Their model  involved reprecipitation o f  metastable 
surface-adsorbed REE as insoluble REE-phosphates.  
Our study suggests that under certain conditions,  REE 
abundances in sediments will be controlled directly by 
phosphate minerals formed at the weathering front. 

The formation of  REE-phosphate minerals after apa- 
rite and the inclusion of  these phases into sediments 
provides a mechanism to explain the presence o f m o n -  
azite in the source regions of  S-type (Chappell and 
White, 1974) granitic rocks (Sawka et al., 1986). Re- 
fractory monazite may represent an important  source 
of  deep-crustal radioact ive-heat  (Sawka and Chappell, 
1986) and a means of  controlling the distr ibution of  
Th, Nd, decay products, and other REE in rocks which 
have undergone chemical weathering (Sawka et al., 
1986). 

The phosphorus content is critical in determining 
soil fertility. Because of  low atmospheric  returns, 
this element must  be supplied almost  entirely by the 
parent material. P lumbogummite  minerals [XA13- 
(PO4)2(OH)sH20; X = (Pb, Ca, Sr, Ba, Ce, REE)] have 
been identified in soils by several workers (e.g., Nor- 
fish, 1968; Adams et al., 1973; Bottinnelly, 1976). These 
relatively insoluble minerals have almost  certainly 
formed by a process of  apatite replacement,  similar to 
that described above. 

The considerable mobi l i ty  of  REE during the early 
stages o f  weathering is of  significance to studies o f  
changes in profile and soil geochemistry. Conclusions 
should not be based on calculations which assume that  
components  such as the REE or Y (which in the profiles 
studied follows the tr ivalent  REE) are immobi le  during 
alteration. Of  the REE, only Ce does not appear  to be 
strongly redistr ibuted during weathering in these pro- 
files. The weathering process also appears to be capable 
of  fractionating Nd  from Sm (Figure 10). The obser- 
vat ion that this fractionation occurs relatively early in 
weathering may be of  significance, for example, to Ncl/ 
Sm studies of  partly altered rocks and sedimentary 
material. 
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