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So il  develop ment  refers to the state o f a so il  param eter rel ati ve to it s state in the p ar en t material  (Hard en, 1990). T he degree of  soi l d evelopm ent  i s dependen t o n the di fferent  soi l-form ing  factors (Jenn y, 1941). Because the
variab les o f c li m ate,  p ar en t m ateri al,  rel ief  an d t i me also govern  geo mo rphic pro cesses,  l andscape evo lut i on is int im ately related to soi l devel opm ent  (McFad den and Kn eupfer, 1990).  Di f ferences in  soi l prop er ti es have been used in the
age determ inat i ons of  soi ls (Levi ne and Ci olkosz, 1983;  Harden,  1982; Harri son et  al.  , 1990) and  th us, can be used for the ap proxim ate dat ing  of  the lan dfo rms (Semm el , 1989). Th is wou ld b e tr ue if  soi l pr opert ies wo uld i ncrease
constant ly wi th  t i me (Bockheim ,  1980;  Bi rkeland , 1990).  Neverthel ess,  acco rdin g to  M orri so n (1963) and Si mó n et al . (2000), the above theory m ay no t be ent ir el y tru e, and soi ls coul d have evo lved duri ng di fferent  pedo genic epi sodes
alternat i ng w ith ero sion -d ep osit i on ep isodes.  In each pedog enic episod e, th e soi ls co uld  have ap proached or reached a stead y state.

The ai m of  thi s w ork is to advance knowl edge con cer ning  soil  evo lut i on over t im e. Wi th  th is obj ecti ve, we have com pared so il d evel opm ent  on two di f feren t t ypes of  surface:  1) geo mor phical ly stable su rfaces wi th  pedogen ic
overpri nt in g;  2) un stabl e su rfaces with successi ve erosi on-depo sit io n epi sodes alternat ing  wi th  pedo genic episo des. In the f irst  case,  the successive p edogeni c stages are not  sp ati all y  di st inct  as in the second  case.

Materi a l s and methods
In  th e Granada Basin  (so uthern Spain),  we have studi ed soi ls devel oped on  three stab le surfaces over t im e (DUR,  LLP , COL ) an d an u nstab le surface form ed by d if ferent  erosion -d eposit i on epi sodes al tern ati ng wi th pedo genic

epi sodes (NIG) (F igu re 1). Both  the stabl e sur faces an d the old est deposi t  of  the unstabl e surface (NIG-1) are dated f rom  the t ransit io n P li o-Pl eistocene or P lei sto cene (Fernán dez and Sori a, 1986-1987).
Fi el d descri pt ion s of  th e soil s were based on  procedu res of  th e Soi l Survey S taf f  (1990).  In al l so ils,  physi cal,  chemi cal an d physi co-chemi cal pr opert ies were d eterm in ed (Tabl es 1 an d 2): part ic le-s i ze,  pH, el ectri c condu cti v it y,

org an ic carbon,  carb onate con ten t,  cat i on-exchange capacity (CEC),  exchan geable bases, total iro n (Fet ),  i ron oxi des (Fed) and the iron-oxi de amo rphous form s (Feo).  F or the est im at ion  of  the d egree o f develo pm ent  of  each prof il e, a c l ay-
accum ulat i on in dex (CI ) was cal cul ated as fol lows:  Σ (B -C)T,  where B=B hori zo n clay content  (%),  C=C hori zon  clay content  (%) and  T= thickness o f the B  hor izon i n cm (Levi ne and Ci olkosz,  1983).  Because,  for any gi ven  intensi ty o f
weatherin g, the pedo geni c i ron oxi des (Fed) shoul d rise i n propo rti on to the total iro n content  (Fet), an i ron oxi de-accu mul at ion  i ndex (FeI) was calcu lated usin g th e sam e equat i on as th at for c l ay,  where B=B hori zon  Fed:Fet rat io,  C= C
hor izon Fed:Fet rat i o.

D i sc ussi on
All  soi ls have a B t  ho rizon,  characteri zed by a red col our (2,5 YR-10R),  a well -d evel oped  st ructure (an gular bl ocky) and  wel l-develo ped clay ski ns. The soi ls develop ed o n stabl e su rfaces have si m ilar degr ees of  develop ment ,

est im ated  b y the in crease i n  F ed  an d the cl ay con tent  in  the B  hori zon  i n relat io n to  the C horizon . On the co nt rary, the soil s d evel oped on  the ustabl e su rface have dif ferent  degrees of  d evelopm ent . Th e o ldest  and deepest  soil s
(NIG-1 and  NIG -2) h ave sim i lar i nterm ediated develop ment  whereas NIG-3 is th e m ost  devel oped and NIG-4, cl ose to the sur face,  the l east develo ped (F igure 2).

By comp aring  our c lay-accum ulat i on in dices wi th  th ose of  Levine and  Ci ol kosz,  (1983) for soi ls of  northeastern Pennsylvan ia, we est im ate soil s on the stable sur faces to be between 275,000 an d 235,000 years old . In  th e
unstabl e surface, the o ldest  and  deepest  soil  (NIG-1) i s arou nd 130,000 years o ld.  T he second  soi l (NIG-2),  abo ve the form er,  i s  s im i lar in age. The next  soi l (NIG-3) is ar ound 280,000 years ol d and  the to p on e (NIG-4) i s arou nd 70,000
years o ld (F igu re 3).

Thi s sug gests that  so ils form ed o n th e stable surfaces d evel oped over a seri e of  step ped episod es and  that  they reached a m axim um  in their evolu ti on in  the episo de m ore condu cive to  soi l develo pmen t.  T his episo de wo uld
correspo nd to  the NIG-3 pedog enic episo de. Later processes l ess co nduci ve to soi l develop men t that  af fected  so il  NIG -4 di d not  af fect  the soi ls develop ed on th e stabl e surfaces;  so  that ,  these former  soi ls shou ld have reached a
steady state. T hus,  it  is  ver y di ff i cult  to esti m ate the age of  a surface based on the degrees of  devel opm ent  of  thei r so ils because so il s wi th  s im i lar d egrees of  develop ment  can be di fferent  i n age.
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Figure 2.  Clay-accumulation index  (CI) and iron  oxide- accumulation index  (FeI)
of the soils .
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Figure 3.  Ages of the soils estimated  by their clay -accumulation index .

Table 1. Field soil  data and particle - size distribution of the soils .

Profile Horizon Depth
(cm)

Colour dry Structure
( type,  size ,

grade)

Gravel
(%)

Clay
(%)

Coarse
Silt

(%)

Fine
Silt

(%)

Sand
(%)

NIG-4

NIG-3

NIG-2

NIG-1

D U R

LLP

COL

Bt1

Bt2
BC

CB

C
2Ck1

2Ck2
2Ck3

Bt

C

Bt1
Bt2

C

Bt
BC

C

Bt1

Bt2
Ckm

A

E
Bt1

Bt2
Bt3g

B C g
Ck

Ap1

Ap2
Bt

BCtk

BCkt
2Ck

0-17

17-34
34-48

48-60

60-105
105-120

120-150
150-190

190-280

280-310

310-345
345-388

388-428

428-508
508-538

538-563

0-80

80-104
>104

0-2

2-18
18-50

50-85
85-121

121-176
>176

0-6

6-20
20-50

50-90

90-120
>120

5YR 4/6

2,5YR 4/4
7,5YR 5/6

10YR 6/4

10YR 6/2
2,5Y 6/2

2,5Y 5/2
2,5Y 6/2

10R 4/6

10YR 6/3

10R 4/6
10R 4/6

10YR 6/3

2,5YR 4/6
7,5YR 6/6

10YR 6/3

2,5YR 3/4

2,5YR 3/4
10YR 6/3

7,5YR 4/6

7,5YR 6/6
10R 4/6

2,5YR 4/6
2,5YR 4/6

2,5YR 4/6
7,5YR 8/4

2,5YR 3/6

2,5YR 3/6
2,5YR 3/6

2,5YR 4/6

2,5YR 7/4
10YR 8/2

abk ,m,2

abk ,m,2
sbk ,m,1

sbk ,f,1

m,-,0
m,-,0

m,-,0
m,-,0

abk ,m,3

sg ,-,0

abk ,m,2
sbk ,m,2

sg ,-,0

abk ,m,2
abk ,f,1

sg ,-,0

pr ,c,3

abk ,m,2
m,-,0

cr ,f,1

gr / sbk ,m,2
abk ,m,2

abk ,c,2
abk ,c,2

abk ,m,2
m,-,0

abk ,m/ gr ,f,2

pr ,c,3
pr ,m,3

abk ,f,2

abk ,f,1
sg ,0

19.5

17.1
36.6

33.7

47.0
45.3

58.4
51.1

42.0

49.3

36.3
39.1

37.6

38.7
73.3

49.3

6.8

26.8
80.9

12.7

28.0
21.7

35.0
46.4

48.8
73.4

12.9

6.3
0.18

15.1

9.0
64.3

35.7

27.0
18.0

12.2

15.2
8.5

8.3
6.1

55.1

5.8

45.2
28.5

10.0

35.6
12.0

10.9

72.4

56.9
8.8

11.1

12.5
54.2

39.1
31.3

22.1
7.1

57.6

58.7
91.6

44.7

21.7
14.9

7.1

11.6
11.6

11.3

12.2
14.6

14.2
14.2

5.2

13.9

5.6
10.4

13.2

6.4
7.4

11.3

4.5

6.4
10.2

7.7

10.8
4.9

5.2
6.8

6.8
6.6

5.2

5.6
0.6

6.2

8.3
5.4

15.1

15.1
18.2

18.7

26.4
26.8

26.7
29.5

9.2

15.5

12.1
19.2

19.3

16.3
15.1

19.4

5.8

10.6
16.0

6.7

10.5
8.4

10.4
8.7

11.2
11.9

15.8

13.3
2.8

36.4

54.6
33.4

42.1

46.3
52.2

57.8

46.2
50.1

50.8
50.2

30.5

64.8

37.1
41.9

57.5

41.7
65.5

58.4

17.3

26.1
65.0

74.4

66.2
32.5

45.3
53.2

59.9
74.4

21.3

22.4
5.0

12.7

15.4
46.3

Table 2. Analytical soil  data and  iron forms of the soils .
OC=Organic carbon ; EC=Electric conductivity ; CEC=Cation exchange capacity

Profile Horizon pH CaCO3

(%)

OC

(%)

EC

(dS  m
-1
)

Na+ K+ Ca2+ Mg2+ C E C Base

saturation
(%)

Fet

(%)

Fe d

(%)

Fe o

(%)

Fe d/Fe t

x 100

Fe o/Fed

x 100

NIG-4

NIG-3

NIG-2

NIG-1

D U R

LLP

COL

Bt1
Bt2

BC
CB

C
2Ck1

2Ck2

2Ck3

Bt
C

Bt1

Bt2
C

Bt

BC
C

Bt1

Bt2

Ckm

A
E

Bt1
Bt2

Bt3g
B C g

Ck

Ap1
Ap2

Bt
BCtk

BCkt
2Ck

7.3
7.4

7.1
7.4

8.0
8.6

8.5

8.1

8.3
9.1

8.6

8.3
8.5

8.5

8.8
8.9

8.3

8.2

8.4

7.4
7.5

6.6
6.5

6.7
6.6

8.7

8.0
8.2

7.7
8.3

8.5
8.7

0.5
0.6

0.6
0.6

0.7
17.5

14.7

13.7

0.4
6.4

2.2

2.8
2.3

0.4

1.2
0.7

1.0

0.5

30.7

1.1
0.61

0.45
0.56

0.68
0.9

36.0

1.9
2.0

0.8
51.1

71.4
80.0

0.32
0.25

0.16
0.17

0.20
0.23

0.24

0.21

0.14
0.14

0.16

0.21
0.20

0.20

0.23
0.25

0.46

0.45

0.33

3.77
1.18

0.65
0.35

0.26
0.28

0.31

0.10
0.10

0.05
0.03

0.02
0.42

1.84
2.83

3.10
3.23

2.74
1.70

1.99

n.d.

0.67
0.54

0.46

2.60
4.08

0.66

0.90
0.85

1.08

1.22

n.d.

0.51
0.41

0.19
0.30

0.94
0.34

0.83

0.55
0.37

0.29
0.37

0.26
0.30

0.10
0.14

0.14
0.19

0.41
0.14

0.07

0.27

0.12
0.02

0.09

0.07
0.07

0.09

0.05
0.02

0.15

0.26

0.03

0.06
0.02

0.06
0.12

0.15
0.21

0.21

0.11
0.09

0.14
0.09

0.06
0.05

0.16
0.13

0.07
0.04

0.04
0.02

0.02

0.02

0.39
0.04

0.26

0.18
0.05

0.35

0.07
0.07

0.51

0.40

0.15

0.26
0.15

0.15
0.11

0.11
0.11

0.04

1.85
1.66

0.87
0.49

0.23
0.10

6.24
10.00

8.48
6.74

7.49
16.00

16.00

11.00

10.23
10.48

7.24

6.24
5.74

2.99

4.24
4.24

13.97

10.23

12.23

14.00
8.00

8.70
13.00

9.70
10.70

27.50

29.00
27.70

33.20
36.70

37.20
sat .

2.70
3.41

2.76
2.44

3.00
1.79

1.54

4.55

4.95
3.57

9.18

7.31
5.93

7.31

3.25
2.68

6.90

5.60

1.22

2.25
1.67

3.67
5.25

4.42
4.58

0.78

1.25
1.00

1.67
0.92

0.50
0.50

12.46
9.02

6.44
5.16

6.87
5.59

5.16

4.30

14.18
4.30

14.18

10.31
8.59

9.88

7.73
4.73

17.19

16.33

3.44

24.12
12.99

16.23
14.38

12.99
12.06

6.03

24.33
29.34

38.65
22.90

11.45
6.30

73.7

100.0
100.0

100.0

100.0
100.0

100.0
100.0

100.0

100.0

100.0
100.0

100.0

100.0
98.5

100.0

100.0

100.0
100.0

68.7

75.7
77.8

100.0
100.0

100.0
100.0

100.0

100.0

93.0
100.0

100.0
100.0

5.29

4.77
4.73

4.36

4.38
3.66

3.69
3.76

6.69

3.81

6.00
5.73

4.81

5.61
4.23

4.70

6.23

5.95
2.92

2.86

3.39
6.74

6.01
5.93

5.66
3.25

5.41

5.33

6.74
3.63

1.68
1.07

1.94

1.97
1.75

1.57

1.60
1.13

1.10
1.13

2.39

0.81

2.55
2.26

1.31

1.39
0.52

0.37

2.07

1.94
0.26

0.71

0.68
2.10

1.97
1.81

1.10
0.52

2.39

2.49

3.19
1.44

0.68
0.12

0.063

0.040
0.038

0.037

0.022
0.020

0.021
0.014

0.039

0.026

0.036
0.047

0.021

0.073
0.031

0.030

0.052

0.026
0.024

0.038

0.036
0.084

0.073
0.084

0.052
0.009

0.100

0.100

0.100
0.025

0.095
0.062

36.71

41.29
36.98

36.16

36.58
30.80

29.91
30.06

35.68

21.35

42.41
39.39

27.29

24.82
12.41

7.82

33.27

32.66
9.00

24.76

20.12
31.17

32.76
30.56

19.47
16.17

44.15

46.82

28.45
39.77

40.74
11.24

3.24

2.06
2.17

2.35

1.37
1.82

1.90
1.24

1.65

3.20

1.43
2.10

1.60

5.28
5.90

8.16

2.53

1.36
9.14

5.43

5.27
4.00

3.73
4.64

4.76
1.71

4.19

4.01

5.22
1.77

1.39
51.66

                                                                                      Exchangeable  bases ( cmol  c  kg -1 )

                                                                                      --------------------------------------------
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Figure 1.  Geological map of the zone and situation of the studied profiles .
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Figure 4.  Landscape of the  Llano de la Perdiz  and characteristic profile .

Figure 5.  Landscape of Nig üelas, sequence of buried soils and detail of the micromorphology .

Figure 6.  Profile  COL and detail of the micromorphology of BCtk horizon .
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Scheme of the sequence of buried soils  in Niguelas


