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THE INFLUENCE OF AL UMINUM ON IRON OXIDES. VIII. 
UNIT-CELL DIMENSIONS OF AI-SUBSTITUTED GOETHITES 

A N D  ESTIMATION OF A1 FROM THEM 

D. G. SCHULZE l 
Institut fiir Bodenkunde, Technische Universit~it Miinchen 

8050 Freising-Weihenstephan, Federal Republic of Germany 

Abstract--The unit-cell dimensions of synthetic, Al-substituted goethites showed that the c dimension 
is a linear function of A1 substitution in the range 0-33 mole % A1, but that the a dimension is variable 
over this same range. The b dimension is also linearly related to Al substitution but is slightly more 
variable than the c dimension for A1 substitutions of 20-33 mole %. The variability of the a dimension 
is postulated to be the result of structural defects. An improved procedure for estimating Al substitution 
from x-ray powder diffraction positions requires (1) calculation of the c dimension from the positions of 
the 1 l0 and 111 diffraction lines using the formula: c = (l/d(11 l) 2 - l/d(110)2) -'h, and (2) estimation of 
A1 substitution from the relationship: mole % A1 = 1730 - 572.0c. The 95% confidence interval of the 
estimate is +2.6 mole % A1 when using this procedure, in contrast to _+4.0 mole % A1 when the position 
of the 111 reflection alone is used. 
Key Words--Aluminum, Goethite, Iron, Unit-cell dimensions, X-ray powder diffraction. 

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

The ionic substitution of  a luminum for iron in goe- 
thite is well documented and has been shown to occur 
in goethites from soils (Norrish and Taylor, 1961; Ja-. 
not et al., 1971; Davey et al., 1975; Nahon et al., 1977; 
Bigham et al., 1978; Fitzpatrick, 1978; Mendelovici et 
al., 1979; Torrent et al., 1980; Fitzpatrick and Schwert- 
mann, 1981; K~impf, 1981), oolitic iron ores (Schei- 
derh6hn, 1964; Schellmann, 1964), and bauxites U6- 
ntis and Solymfir, 1970). Al-substituted goethites can 
also be easily synthesized in the laboratory (Thiel, 1963; 
J6nts  and Solymtr,  1970; Golden, 1978; Lewis and 
Schwertmann, 1979a, 1979b; Fey and Dixon, 1981). 
Goethite is the most ubiquitous of  the iron oxide min- 
erals in soils and occurs in almost every type of  soil 
environment  (Schwertmann and Taylor, 1977). A1 sub- 
stitution ranges from zero to about 33 mole %. Fitz- 
patrick and Schwertmann (1981) showed that the 
amount of  A1 substitution in goethite varies among 
different soil environments and that A1 substitution 
may be an indicator of  past or present pedogenic con- 
ditions. 

The A13+ ion is slightly smaller that the Fe 3+ ion, 0.53 
vs. 0.65 ~ (Shannon and Prewitt, 1969); thus, when 

A1 substitutes for Fe in the goethite structure, the av- 
erage size of  the unit cell decreases. All other things 
being equal, the unit-cell size is related to the amount  
of  A1 substitution and is indicated by shifts of  the goe- 
thite X-ray diffraction lines to smaller d-values. 

Thiel (1963) studied Al-substituted goethites syn- 
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thesized under hydrothermal conditions at high pH 
and found that d(111) and the unit-cell dimensions 
decreased linearly with A1 substitution. J6nhs and So- 
lymtr  (1970) attempted to duplicate the relationships 
found by Thiel, but on a plot of  d(111) vs. mole % A1, 
their data deviated considerably from those of  Thiel. 
They attributed the deviation to extra A1 present as 
"amorphous free aluminum hydroxide" which they 
believed could not be completely washed out of  their 
Samples before analysis, but they gave no additional 
evidence for the existence of  the extra AI. My mea- 
surements of  d(111) and mole % AI for synthetic, AI- 
substituted goethites also deviated from those of  Thiel 
(1963) and J6nfis and Solymfir (1971). For some syn- 
thesis series the data appeared to fall on a curve rather 
than the straight line predicted by Thiel, thereby cast- 
ing doubt on the validity of  the assumption that the 
unit-ceil dimensions decrease linearly with A1 substi- 
tution. Taylor and Schwertmann (1978) reported data 
which showed d(110) to be more variable than d(111) 
and d(130) for several Al-substituted goethites synthe- 
sized from the Fe 2§ system. Their data suggested that 
the a dimension was the reason for the variability. 

The shift of  X-ray diffraction lines, particularly the 
111 line (Norrish and Taylor, 1961), has commonly 
been used to estimate A1 substitution in unknown goe- 
thites. Regression lines calculated from data for syn- 
thetic, Al-substituted goethites, particularly the data 
from Thiel (1963), are usually used as "s tandard" 
curves. This procedure could be in error if  d(111) is 
influenced by factors other than A1 substitution. 

The purpose of  this study was: (1) to determine why 
some goethite diffraction lines vary for samples with 
the same amount  o rAl  substitution, and (2) to develop 
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Table 1. Methods used to synthesize the goethites. 

Sample Procedure 

31/0-31/7 

28/0-28/20 

12/0-12/20 

DL/9-DL/11 

G-NKI 

P24 

3/0, 3/5, 
4/10-4/33 

P146, P147, 
P150 

2(B)3 

Synthesis from Fe a+ systems 
Fe(NO3) 3 and Al(NO3)3 solutions were 

precipitated using KOH and kept in 0.3 
M KOH at 70~ for 14 days (Lewis 
and Schwertmann, 1979b; Schulze, 
1982). 

Fe(NO3) 3 and AI(NO3)3 solutions were 
precipitated using KOH and kept in 
0.35-0.4 M KOH at 70 ~ for 14 days 
(Lewis and Schwertmann, 1979b; 
Schulze, 1982). 

Fe(NO3)3 and AI(NO3)3 solutions were 
precipitated using NH3, washed free of 
electrolytes, then kept in 2 M KOH at 
70~ for 8 days (Lewis and Schwert- 
mann, 1979b). 

Pc(NO3) 3 and AI(NO3)3 solutions were 
precipitated using KOH and kept in 0.1 
M KOH at room temperature for 3 
years (Lewis and Schwertmann, 1979b). 

An Fe(NO3) 3 solution was precipitated by 
adding NaOH pellets for a molar ratio 
of 1:3 (Fe:OH), then kept at 25~ for 
14 days. 

Exact procedure was not known, but was 
similar to above in that Fe-hydroxide 
gel was kept in KOH. 

Synthesis from Fe z+ systems 
FeCI2-A1CI3-NaHCO 3 solutions were oxi- 

dized by bubbling air through them. 
pH rose from 7 to 8.2 during the reac- 
tion (Goodman and Lewis, 1981). 

FeC12 solutions were oxidized by bubbling 
mixtures of 02 and CO2 through them. 
The pH was kept between 6 and 7 with 
NH4OH (Schwertmann, 1959). 

An FeClz-A1C13 solution was adjusted to 
pH 11 with KOH, then slowly oxidized 
at room temperature over a period of 
60 days by opening the bottle and 
swirling the contents once a day (Good- 
man and Lewis, 1981). 

a bet ter  way o f  es t imat ing A1 subst i tut ion f rom X-ray  
powder  diffraction line positions.  

M A T E R I A L S  A N D  M E T H O D S  

Samples 

Synthetic,  Al-subst i tu ted goethites were used for this 
s tudy because A1 subst i tut ion in pure samples can be 
accurately de te rmined  after d issolut ion o f  the goethite.  
Brief  descr ipt ions o f  the synthesis procedures  along 
with per t inent  references are given in Table  1. The  
range in X-ray  diffraction pat terns f rom the different 
synthesis procedures  is i l lustrated in Figure 1. In gen- 
eral, goethites f rom the Fe 3+ system had sharper  X-ray 
diffraction lines than goethites f rom the Fe 2+ system. 
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Figure 1. Representative X-ray powder diffraction diagrams 
covering the range of synthetic goethites studied. Peak des- 
ignations give the Miller indices (hkl) of the lines. 

X-ray powder diffraction 

Instrumental. Self-support ing powder  m o u n t s  were 
prepared by first gently grinding the sample  in an agate 
mor ta r  to break up large aggregates, then back-fil l ing 
150-200 mg  o f  sample  into an AI sample  holder  (I l • 
20 m m  sample area) and gently pressing the mater ia l  
against unglazed paper  to m i n i m i z e  preferred orien-  
tation. Samples  prepared in this way had a flat surface 
which appeared homogeneous  and a lmos t  s m o o t h  to 
the naked eye. X-ray  powder  diffraction (XRD)  data 
were obta ined  using C o K a  radia t ion  (35 kV, 25 ma) 
and a Phil ips P W  1050 vert ical  gon iomete r  equipped  
with a 1 ~ divergence slit, a 0.2 m m  receiving slit, a 1 ~ 
scatter slit, a diffracted-beam graphite m o n o c h r o m a -  
tor, and a propor t iona l  detector.  The  X R D  patterns 
were obta ined  by step-scanning f rom 18 ~ to 52~ at 
0.02 ~ o r  0.01~ increments  using a count ing t ime  o f  
10 see per  increment .  The  m a x i m u m  count ing rate was 
< 4 0 0 0  counts /see  so that  no dead- t ime  correct ion was 
necessary. The digitized data were recorded on punched 
paper  tape for input  into a computer .  

Measurement o f  X R D  line positions. Special care was 
taken to measure  the line posi t ions because it was un- 
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Figure 2. Curves relating line shift due to diffraction from 
small particles for selected goethite lines. These curves were 
calculated assuming crystallites with the same number of unit 
cells along the a and b axes but infinitely many along the c 
axis. 

certain at the beginning of  the study whether the ob- 
served variation in line positions was due to errors of  
measurement or to real differences in the samples. 
Gaussian-Cauchy curves were fitted to the data using 
a program developed by Janik and Raupach (1977) 
which was modified for X-ray data and for a Cyber 
175 computer. Estimates of  the height, width at half- 
height (WHH), and position of  each peak were entered 
into the program, along with estimates for the baseline 
and relative amounts of  Gaussian and Cauchy com- 
ponents (curve shape). The program then optimized 
these parameters using a least squares procedure. Plots 
of  the observed and calculated patterns were made to 
assess visually the validity of  the fitted parameters. 

Goniometer calibration. The goniometer was carefully 
aligned according to the manufacturer 's instructions. 
The 20 scale was calibrated using powdered silicon 
metal (SRM640 from the National Bureau of  Stan- 
dards, Washington, D.C.) as an external standard. The 
maximum error of  the 20 scale was estimated to be 
_+0.O2~ 

Some samples were run using Si metal, reagent grade 
NaC1, or a-AlzO~ as an internal standard, but no sig- 
nificant differences were found between the same sam- 
ples measured by both the external and internal stan- 
dard methods. 

Calculation of  the unit-cell dimensions. X R D  line po- 
sitions can shift appreciably if  diffraction occurs from 
very small particles (see Brindley, 1980, 128-132 for 
a review). These line shifts can occur i f  either the Lor- 
entz-polarization factor, the structure factor, or both 
are not essentially constant over the angular range of  
a broad diffraction line. The influence of  the Lorentz- 
polarization factor is greatest at small diffraction an- 
gles, and consequently its influence on the position of  

Schulze Clays and Clay Minerals 

Table 2. Corrections to observed 110, l l l ,  and 130 line 
positions for line shifts caused by diffraction from small crys- 
tallites. The corrections are calculated for CoKa radiation. 

Correction (~ 

W H H ~ .  (~ L 110 I 11 130 

0.1 0 0 0 
0.2 0 0 0 
0.3 0 0 0 
0.4 0 0.01 0 
0.5 0 0.01 0 
0.6 0 0.02 0 
0.7 -0.01 0.02 0 
0.8 -0.01 0.03 O.O1 
0.9 -0.01 0.04 0.01 
1.0 -0.01 0.05 0.01 
1.1 -0.01 0.06 0.01 
1.2 -0.02 0.07 0.01 
1.3 -0.02 0.08 0.02 
1.4 -0.02 0.09 0.02 
1.5 -0.03 0.10 0.02 

1 WHH corrected for instrumental line broadening. 

the goethite diffraction lines, which occur at >20~ 
for CoKa radiation, is minimal. The structure factor, 
however, can be important  at any diffraction angle, 
and it accounts for shifts in broad diffraction lines at 
higher angles. Some of  the goethites studied had very 
broad diffraction lines (Figure 1) and line shifts were 
expected. 

Curves relating diffraction lines shifts to width at 
half-height (WHH) were calculated assuming goethite 
particles with the same finite number of  unit cells along 
the a- and b-axes but infinitely many unit cells along 
the c-axis (Figure 2). Details of  the calculation were 
given by Schulze (1982). These curves were used to 
correct the observed line positions and the corrected 
positions were used to calculate the d-values for each 
line. Values from Figure 2 for the 110, 130, and 111 
lines are given in tabular form in Table 2 for the range 
in WHHs generally found for soil goethites. 

The observed WHHs, B(obs), were corrected for in- 
strumental line broadening, b, using the relationship: 
B = B(obs) - b, where B is the diffraction line broad- 
ening. The instrumental broadening was obtained from 
20-5-~zm quartz sand. This correction assumes that the 
line profiles have Cauchy shapes (Klug and Alexander, 
1974, p. 635). This assumption is justified because the 
curve-fitting program showed that for most samples 
the diffraction lines were best fit by curves with Cauchy 
components >0.5 (1.0 being pure Cauchy). 

The d-values for the 110, 130, and 111 lines were 
used to calculate the unit-cell dimensions (Table 3). 
The positions of  these three lines could be determined 
accurately for all samples even when the lines were 
very broad. Other lines were either too weak or over- 
lapped strong adjacent lines to the extent that their 
positions could not be determined as accurately for all 
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Table 3. Mole percent AI substitution and unit-cell dimensions of the samples studied. 

39 

Cell d i men s i o n s  (A) Cell d imens ions  (A) 
Mole  Mole  

Sample  ~ % A1 a b c Sample  ~ % AI a b 

31/0 0 4.613 9.950 3.022 P146 
0 4.612 9.953 3.022 P147 

31/1 0.5 4.613 9.948 3.021 P150 
31/2 1.7 4.612 9.943 3.020 
31/3 2.7 4.612 9.939 3.019 Thl 
31/4 4.2 4,610 9.931 3.016 Thl 
31/5 6.7 4.608 9.919 3.013 Thl 
31/6 9.7 4.605 9.906 3.008 Thl 
3 I/7A 11.3 4.601 9.897 3.005 Thl 
3 I/7B 11.3 4.601 9.899 3.005 Thl 
12/0 0 4.620 9.944 3.021 Thl 

0 4.618 9.944 3.021 Thl 
12/5 4.7 4,620 9.920 3.015 Thl 
12/10 9.0 4.617 9.902 3.009 Thl 
12/15 12.4 4,612 9.887 3.004 Thl 
12/20 15.7 )4.601 9.875 3.000 Thl 
28/0 0 4.614 9.954 3.023 Thl 

0 4.609 9.951 3.022 Thl 
28/1 1.6 4.612 9.945 3.021 Thl 
28/2 2.6 4.609 9.941 3.020 Thl 
28/3 3.5 4.611 9.934 3.018 Thl 
28/5 4.7 4.610 9.926 3.016 Thl 
28/7 6.6 4.612 9.917 3.014 Thl 
28/10 7.7 4.609 9.910 3.012 Thl 
28/12 8.7 4.604 9.902 3.010 Thl 
28/15 10.5 4.605 9.898 3.008 Thl 
28/20 16.7 4.593 9.869 2.998 
DL/9 0 4.628 9.951 3,023 JS 
DL/10 5.9 4.622 9.920 3,015 JS 
DL/11 10.6 4.617 9.894 3.006 JS 
P24 0 4.623 9.949 3,022 JS 
G-NK1 0 4.624 9.951 3,023 JS 
3/0 0 4.632 9.940 3,024 JS 
3/5 5.1 4.626 9,914 3,014 JS 
4/10 9.7 4.623 9.897 3,007 JS 
4?15 13.9 4.622 9.891 3,003 JS 
4/20 18.6 4.625 9.870 2,991 JS 
4/25 22.1 4.618 9.885 2,986 JS 
4/30 24.9 4.622 9.882 2,978 JS 
4/33 31.0 4.625 9.828 2.970 JS 
2(B)3 31.4 4,600 9.818 2.964 JS 

31,4 4.599 9.8t3 2,963 

0 4.629 9.931 3.018 
0 4.632 9.929 3.020 
0 4.629 9.938 3.018 

0 4.624 9.963 3.026 
3.4 4.618 9.943 3.019 
3.9 4.620 9.929 3.016 
4.4 4.617 9.934 3.016 
5.1 4.614 9.945 3,014 
6.3 4.615 9.928 3.011 
6.9 4.6II  9.923 3.010 
9.3 4.621 9.900 3.006 

10.4 4.622 9.888 3.004 
13.1 4.605 9.883 3.004 
13.3 4.595 9.892 3.002 
14.2 4.604 9.867 2.999 
15,5 4.609 9.866 2.997 
16,2 4.608 9.857 2.996 
17.3 4.600 9.851 2.993 
20.3 4.584 9.850 2.988 
20.9 4.574 9.849 2.989 
21.1 4.578 9.839 2.987 
21.2 4.585 9.848 2.984 
26.1 4.560 9.830 2.977 
30.0 4.559 9.795 2.971 
33. t 4.559 9,773 2.966 

0 4.621 9.939 3.024 
6.3 4.617 9.919 3.015 
6.8 4.612 9.920 3.014 
7.7 4.606 9,918 3.014 
8.3 4.611 9.911 3.011 
9.3 4.605 9.915 3.009 
9.8 4.603 9.905 3.010 

11.0 4.616 9.898 3.007 
12.8 4.610 9.871 3.000 
13.4 4.598 9.900 3.002 
17.8 4.620 9.872 2.996 
20.3 4.615 9.858 2.994 
24.4 4.619 9.827 2.983 
27.2 4.610 9.818 2.979 

Thl = values calculated from data given by Thiel (1963). JS = values calculated from data given by J6n~s and Solym~r 
(I 971). Samples 31/7A and 13/7B contained a trace of  hematite, sample 2(B)3 a trace of  lepidocrocite but the quantities are 
so small that the error induced in the chemically determined A1 substitution was judged to be negligible. Lines without sample 
designations indicate duplicate determinations of the cell dimensions of the previous sample. 

samples ,  e v e n  w h e n  us ing  the  c o m p u t e r  curve- f i t t ing  
p rogram.  

T h e  cell d i m e n s i o n s  o f  the  synthet ic ,  A l - s ubs t i t u t ed  
goe th i tes  s tud ied  by  Thie l  (1963)  a n d  J6nCts a n d  So- 
lymfir (1970)  were ca lcu la ted  f r o m  the  p u b l i s h e d  130, 
021,  111, a n d  140 l ine  pos i t i ons  (Tab le  3). These  l ine  
pos i t i ons  cou ld  n o t  be  cor rec ted  for  shif ts  caused  by  
smal l  par t ic le  size because  W H H s  were no t  given.  

Chemical  analysis 

T h e  A1 c o n t e n t  o f  the  syn the t i c  samples  was deter -  
m i n e d  by  d i s so lv ing  10 m g  o f  s ample  in  2 m l  o f  conc.  

HC1 in a 25 -ml  v o l u m e t r i c  flask. T h e  flask was h e a t e d  
to a b o u t  150~ on  a s and  b a t h  u n t i l  the  s ample  dis-  
solved,  a n d  a l lowed to cool  before  be ing  filled to 25 
m l  w i th  dis t i l led  water.  Fe a n d  A1 were d e t e r m i n e d  in 
the  so lu t ion  us ing a P e r k i n - E l m e r  M o d e l  420  a t o m i c  
a b s o r p t i o n  spec t romete r .  

Samples  3/5 a n d  4 / 1 0  t h r o u g h  4 /33  were d i s so lved  
us ing  the  d i t h i o n i t e - c i t r a t e - b i c a r b o n a t e  (DCB)  proce-  
dure  ( M e h r a  and  Jackson ,  1960), b u t  they  were first 
t r ea ted  wi th  the  c i t r a t e -b i ca rbona t e  buffer  at  70~ for  
30 m i n  to r e m o v e  any  poss ib le  a d s o r b e d  A1 p r io r  to  
d isso lu t ion .  
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Figure 3. Unit-cell dimensions of synthetic goethites as a 
function of A1 substitution. Cell dimensions for drawing the 
Vegard lines were taken from JCPDS (1974) card 17-536 
(starred) for goethite and card 5-355 (starred) for diaspore. 

RESULTS AND DISCUSSION 

Unit-cell dimensions 

The three unit-cell dimensions are plotted as a func- 
tion of A1 substitution in Figure 3. The a dimension 
shows only a general trend to smaller values with in- 
creasing A1 substitution and varies considerably for 
samples with almost the same amount  of A1 substi- 
tution (Table 3). The b dimension shows a much great- 
er linear relationship with At substitution, but deviates 
somewhat more for substitutions > 20 mole % AI than 
for substitutions between 0 and 20 mole % A1. The c 
dimension shows the greatest linear dependency on A1 
substitution and the least deviation from a straight line. 

When the correction for line shifts due to the small 
particle size effect (Figure 2, Table 2) were not made, 
the maximum change in the calculated cell dimensions 
of the samples with the largest WHHs (Series 3 and 4) 
was -0.006,  +0.020, and +0.007 /~ for the a, b, and 
c dimensions, respectively. For the a dimension, this 
change is much smaller than the observed variation 
(Figure 3), and the correction did not significantly re- 
duce the differences among samples. For the c dimen- 
sion, which is a linear function of A1 substitution, the 
correction led to significantly better agreement in c for 
samples with similar amounts of A1 substitution but 
with large differences in WHH. 

Goethite has an orthorhombic unit cell, and the d- 
value for a given line with Miller indices hkl is related 
to the cell dimensions, a, b, c, as follows: d(hkl)= 
[(h/a) 2 + (k/b) z + (//c)2] -'j2. Thus, the large amount  of 
scatter in the a dimension is reflected in the d-values 
of diffraction lines with h ~ 0, and because the scatter 
in a is not a function of A1 substitution, the larger the 
contribution of a to the d-value of a given diffraction 
line, the poorer the dependency of that line on A1 sub- 
stitution. The positions of the 110, 111, and 021 lines 
are therefore successively better functions of A1 sub- 
stitution. The differences in d(111) vs. mole % A1 sub- 
stitution noted by J6nfis and Solymgr (1970) are ac- 
counted for by the variability of the a dimension (Figure 
3) as is the much larger scatter in d(110) vs. A1 sub- 
stitution than for d(111) or d(130) in the data shown 
by Taylor and Schwertmann (1978; their Figure 9). 

The b and c dimensions are closely approximated 
by the Vegard rule, the linear interpolation between 
the two end members of a solid solution, but the a 
dimension is not (Figure 3). The positive deviation of 
a from the Vegard line explains why Fey and Dixon 
(1981) found d(111) for goethites synthesized from the 
Fe 2+ system to fall above the Vegard line. 

The large amount  of scatter in the a dimension is 
probably caused by structural defects. Structural con- 
siderations give some clues as to why the a dimension 
is more sensitive to these defects than the b or c di- 
mension. The structure of goethite (a-FeOOH) and 
isostructural diaspore (a-A1OOH) is based on the hex- 
agonal close packing of oxygen atoms with 6-fold co- 
ordinated metal atoms (M) occupying octahedral po- 
sitions (Ewing, 1935; Hoppe, 1941). The metal atoms 
are arranged in double rows to form what can be de- 
scribed as double chains of octahedra which run the 
length of the c axis (Ewing, 1935). Because the c di- 
mension and, for the most part, the b dimension de- 
crease linearly with A1 substitution, the integrity of the 
double chains is apparently preserved in the direction 
of the b and c axes, i.e., in the b-c plane. This would 
be expected because within the double chains all bonds 
are covalent and each octahedron shares four of its 
edges with neighboring octahedra (Ewing, 1935; his 
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Figure 4. a dimensions vs. AI substitution for goethites syn- 
thesized under different conditions. 

Figure 1), a configurat ion which is relat ively stable. 
The  linkage o f  these double  chains to each other,  how- 
ever,  is only by shared apical oxygens and hydrogen 
bonds  (Ewing, 1935; his Figure 2), a less stable bonding  
si tuation than shared octahedral  edges. Because o f  the 
relat ively weak bonding  between chains, the stacking 
o f  the double  chains along the a-axis  could  be easily 
disrupted dur ing crystal growth. Addi t iona l  work  is 
necessary, however ,  before a mos t  probable  mode l  for 
the defects can be proposed.  

I f  the defects are in t roduced  during crystal growth, 
a correlat ion should exist be tween the a d imens ion  and 
the synthesis procedure,  as is, indeed,  the case (Figure 
4). The  samples synthesized at r o o m  tempera ture  (Se- 
ries 3 and 4 and Series DL) have  larger a d imens ions  
than those synthesized at 70~ (Series 31, 28, and t 2). 
Higher  tempera tures  apparent ly  result  in the fo rmat ion  
o f  goethites with fewer structural defects. O f  the three 
groups synthesized at 70~ the group synthesized in 
the presence o f  2 M K O H  had larger a d imens ions  
than the two groups synthesized in the pi 'esence o f  0 .3 -  
0.4 M K O H .  The  higher  O H  concent ra t ion  favors  a 
larger goethi te  crystal l ization rate, and this faster crys- 
tal l ization rate apparent ly  leads to larger number s  o f  
structural defects. The  larger a m o u n t  o f  scatter in the 
data  for Series 28 compared  to Series 31 was caused 
by differences in the t iming  and order  o f  which the 
solutions were mixed  together dur ing the synthesis pro-  
cedure.  

Estimating At substitution from cell dimensions 

Est imat ing A1 subst i tut ion in goethite using X R D  
diffraction lines with h ~ 0 such as d(111) will have  
an inherent  uncertainly because o f  the variabil i ty o f  
the a d imension.  The  remainder  o f  this paper  will show 
how the c -d imens ion  can be used to p rov ide  a bet ter  
es t imate  o f  A1 substi tution.  

The  l inear regression o f  mole  % A1 onto  d(111), 

mole  % AI = 2086 - 850.7 d(111), (1) 

is highly significant (r 2 = 0.96, n = 81), The  95% con- 

Gt C.~ 
2.4 !7A 

45 

OZ (110) 

Gt (110) I ~z flO0) 

! 

MNe % A1=22 t / 

j .  
43 42 ~ 2s ~ 23 
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Figure 5. Measurement of X-ray powder diffraction line po- 
sitions for a soil goethite with 22 mole % A1. Gt = goethite, 
Qz = quartz, Cor = corundum (CoKa, l/**/min, time con- 
stant = 4 sec, 200 cps full scale). 

fidence interval  is bounded  by a lmos t  straight lines, so 
that  the same confidence in terval  o f  +4 .0  mole  % A1 
can be used for the whole range o f  the regression (2.40 
to 2.46 A). The  regression line for the c d imens ion  is: 

mole  % A1 = 1730 - 572.0 c, (2) 

wi th  r 2 = 0.98 and n = 81. The  95% confidence inter- 
val  o f  the es t imate  is +2 .6  mole  % A1 and again is, for 
practical purposes,  the same ove r  the range o f  the 
regression (2.95 to 3.03 ]k). For  d(111), two samples  
mus t  differ by > 8.0 mole  % A1 to be significantly dif- 
ferent at the 95% level, whereas when the c d imens ion  
is used, two samples mus t  differ by only 5.2 mole  % 
A1 to be significantly different. Clearly, the c d imens ion  
is a more  precise es t imator  o f  AI substi tution.  

No  strong 001 lines exist  that  could  be used for es- 
t imat ing  A1 subst i tut ion f rom the c d imens ion  directly. 
Fortunately,  the c d imens ion  can be calculated f rom 
the posit ions o f  the 110 and 111 diffraction lines using 
the formula:  

c = [(l /d(111)) 2 - (l/d(110))2] -v2. (3) 

The  110 and 111 lines are the two strongest goethi te  
lines and can be measured  even  when relat ively small  
amount s  o f  goethi te  are present,  and in the presence 
o f  hemat i te  or  lepidocrocite.  The  accuracy o f  +2 .6  
mole  % A1 corresponds to a m a x i m u m  possible error  
o f  +0.02~ for the 110 line posi t ion and +0.035~ 
for the 111 line posi t ion when using C o K a  radiat ion.  
Slightly more  error  can be tolerated in the 111 line 
posi t ion because it occurs at larger angles than the 110 
line. Measurements  to an accuracy o f  +0 .02  ~ are pos- 
sible using an internal  s tandard and careful graphical  
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measurements of line positions so that the accuracy of 
+2.6 mole % is realistic for careful measurements. 

Figure 5 illustrates the estimation orAl  substitution 
for a soil goethite. The sample (sample SA69) is from 
the saprolitic sandstone C horizon (120-140 era) of the 
Inanda Soil Series, Port Edward, South Africa (Fitz- 
patrick, 1978). The sample was ground to approxi- 
mately silt size, then admixed with 25% corundum 
(Fisherbrand polishing alumina, 1 micron, No. 12 265 
1K, Fisher Scientific Co., Pittsburgh, Pennsylvania) as 
an internal standard. The "true" positions of the co- 
rundum lines were taken from Brown (1980). 

Several important points are illustrated by Figure 5. 
First, an internal standard should be used to correct 
for errors caused by possible misalignment of the go- 
niometer. Second, the corundum 110 line position was 
determined at l/2 peak height because the Ka~ and Ka2 
components of the line are partially resolved, and the 
peak position may not accurately represent the true 
line position when using the weighted average Ka  
X-ray wavelength for the calculations. Third, quartz is 
a common interfering mineral in most samples. For 
the sample in Figure 5, the goethite has a significant 
amount  of A1 substitution, and the goethite peaks can 
be measured despite a rather large amount  of quartz. 
For goethites with low amounts of A1 substitution, the 
goethite 111 line and the quartz 110 line are closer 
together, and the exact position of the goethite line 
may be difficult to determine, in which case a maxi- 
mum AI substitution can be estimated from the esti- 
mated 111 position. The 110 goethite and 100 quartz 
lines are slightly farther apart and fewer problems should 
occur. In many samples, quartz interference can be 
reduced or eliminated by particle size fractionation, 
concentration of iron oxides by boiling in NaOH 
(Kfimpf and Schwertmann, 1982), high gradient mag- 
netic separation (Schulze and Dixon, 1979), or by using 
differential X-ray diffraction (Schulze, 1981). Fourth, 
the positions of the goethite lines should be determined 
from the position of a line which divides the upper 1/3 
to 1/2 of the diffraction peak into two "mirror  image'" 
halves. Only the upper 1/3 to l/z of the 111 goethite line 
is symmetrical, the lower part is skewed to lower 20 
angles when the lines are broad because of the presence 
of the goethite 040 line (Figure 1). For this reason and 
because of interference from quartz, the WHH should 
be estimated from the high-angle side of the peaks 
(Figure 5). When reporting data on soil goethites, it is 
recommended that d(110) and d(111) and their WHHs 
and heights be reported along with their estimated A1 
substitution. 

A step-by-step procedure for estimating % A1 sub- 
stitution in an unknown goethite is as follows. Carefully 
measure the position and WHH for the goethite 1 10 
and 111 lines using an internal standard. Correct the 
observed WHHs for instrumental  broadening caused 
by the goniometer by subtracting the instrumental 

WHH from the observed WHH. If the corrected WHH 
is >0.6~ correct the line positions for shifts caused 
by the small particle size effect by adding the values 
from Table 2 to the observed line positions. This cor- 
rection need not be made if the corrected WHH <0.6 ~ 
because the correction does not have a significant effect 
on estimated A1 substitution in this range. Note that 
the corrections are in units of~ not/~; although they 
were calculated for CoKa radiation, their use for CuKa 
radiation should introduce no appreciable error in the 
estimated A1 content. Calculate d(110) and d(111) for 
each line using the corrected positions. Calculate the c 
dimension using Eq. (3), then use Eq. (2) to estimate 
mole % A1 substitution. 
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Pe3IOMe---Pa3MepbI 3heMeHTapHo~ ~lqe~Klel CMNTeTMqecK~IX, AI-3aMei~eaublX FeTHTOB yKa3blBa.rln Ha TO, 
HTO pa3MepHocTb C flB~fleTCfl JIHHeMHOH qbypKItnefi 3aMel~ennfl AI a ~rlana30ne OT 0 ~O 33 MOJDtpNblX 
% AI, TOFRa KaK pa3MepHOCTb a ~lB.rI~IeTCfl nepeMeniaofi Ha TOM )Ke CaMOM ~lnana3one. Pa3MepnocTb 
b TaK~l<e 51Bhfl.rlaCb yll,Ilte~ao 3aBHCHMO~ OT 3aMenleH14~l AI, no nponBzn~a cnerKa 6onbmylo n3Menqn- 
BOQTb qeM C ~.rDI 3aMetuenkl~l AI B )anana3one 20 Jlo 33 MOJI~IpHblX %. ]~pe)131araeTcfl, qTO H3MeHqaBOCTb 
pa3MepHocTH ~IB.rI~IeTCn pe3y31bTaTOM CTpyKTypHhlX ~eqbeKTOB. Y~yqlneHHa,q npotte~ypa Ann ol2eHKn 
3aMenieHn~t AI na ocnoae noho>t,:ernlh nnnnfi penTrenoBCKOfi nopontKOBO~ ~riqbpaKttrtrt Tpe6yeT: (1) 
BblqHC.rlearl~l pa3Mepuocxn c Ha ocnoae nonomenn,5 100 n 111 ~nqbpaKttnonHbrX 3nnn~ l, lCnO.rlh3y~l 
qbopMyYly: c = (I/d(ll l)  z - I/d(110) e) �89 n (2) ot~enKn 3aMe~enrIz AI a3 COOTnomerln~l: MOn~lpa~,le % 
AI = 1730 - 572,0 c. 95% ypoBem, cTaXnCTnqeCKOfi ~OCToaepnocTn 3TOil ouenKn paaeH _+2,6 Monnpn~,~x 
% AI npn ncao211~3oBa1-iPin 3TOI~ npoae~yp~,l, a npoTnaono3o;~nOCT~, 4,0 MO2l,qpnblX % AI KOr~qa TOYlbKO 
ncno~b3yeTc~ noao~eHne oTpa~eHri8 I 1 I. [E.G.] 

Resiimee--Die GrSBen der Einheitszellen von synthetischen, Al-substituierten Goethiten zeigten, daft die 
c-Dimension eine lineare Funktion der At-Substitution im Bereich yon 0--33 MoL-% Al ist, dal3 aber 
die a-Dimension in diesem Bereich variiert. Die b-Dimension zeigt ebenfalls eine lineare Abh~ingigkeit 
yon der AI-Substitution, variiert aber etwas mehr als c bei A1-Substitution zwischen 20-33 Mol.-%. Es 
wird vorgeschlagen, dab die Variation der a-Dimension das Ergebnis yon Gitterfehlern ist. Eine verbesserte 
Vorgangswe~se zur Absch~itzung der AI-Substitution aus der [.age der XRD-Linien erfordert (1) die 
Berechnung der c-Dimension aus der Lage der 1 l0 und 111 Linien, wozu die Formel c = (l/d(111) 2 - 
1/d(i 10)~) -'~ zu verwenden ist und (2) die Absch~tzung der A1-Substitution aus der Beziehung: MoI.-% 
AI = 1730 - 572,0 c. Das Konfidenzinlervall der Abschfitzung betr~gt _+2,6 Mol.-% A1, wenn man diese 
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Vorgangsweise anwendet ,  i m  Gegensatz  zu  _+4,0 MoL-% A1, wenn  die Lage des 111 Reflexes allein 
beriicksichtigt wird. [U.W.] 

R6sum6- -Les  d imens ions  de la maiUe-mbre de goethites synth6t iques  substi tu6es par  A1 ont  mont r6  que 
la d imens ion  c est une  fonct ion lin6aire de la subst i tu t ion par  Al sur l '6 tendue 0 -33  mole  % d'A1, ma i s  
que la d imens ion  a est variable sur  cette m 6 m e  6tendue. La d imens ion  b 6tait aussi  apparent6e l in6airement  
~t la subst i tu t ion par  ALl, ma i s  s 'es t  mont r6e  quelque peu  p lus  variable que c, pour  la subs t i tu t ion  par  A1 
de 20-33  mole  %. On  a propos6 que la variabilit6 de la d imens ion  a est un r6sultat de d6fauts s t ructuraux.  
U n  proc6d6 amelior6 pour  es t imer  la subst i tu t ion  par  A1 ~ partir  de  posi t ions de droite X R D  exige (I) 
le calcul de la d i mens i on  c ~t partir  des posi t ions des droites de diffraction 1 l0 et 1 l 1 en  employan t  la 
formule  : c = ( l /d(111)  2 - l /d(110)  2 ,/2, et (2) l ' es t imat ion  de la subst i tu t ion  par  A1 ~t part ir  de la relation: 
mole  % d'A1 = 1730 - 572,0 c. L ' in terval  de confiance 95% de cette es t imat ion  est +2 ,6  mole  % d'A1 
en employan t  ce proc6d6, en contraste  avec +4 ,0  mole  % d'A1 lorsque seule la posi t ion de la r6flection 
111 est utilis6e. [D.J.] 
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