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(viii) 	On the Moorland Cu concentrations in herbage were generally low and 

sometimes associated with low Co and Mn concentrations. However, trace element 

deficiencies in livestock are rare because of (a) high concentrations of 

trace elements in heather, (b) low stocking rates compared to the Upland, and 

(c) the feeding of trace element supplements. 

(ix). 	Leaching of trace elements from soils has been and is much more 

severe on the Moorland than the Upland. As a result of geologically recent 

peat development and the decline of woodland, the Moorland soils are very acid 

and reducing conditions prevail in many areas. Combined with the heavier 

rainfall on the Moorland, these factors have resulted in the development of a 

very active leaching process and consequently lower total metal contents of 

soils compared to the Upland. 

(x) There is a possibility that sub-clinical trace element deficiencies 

may exist in livestock, particularly on the Upland where farmers admit they 

are overstocking the hill land. 

(xi) Increase in soil pH on the Upland and Moorland as a result of 

.liming could further reduce trace element 'availability' to plants. 
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PART B 

CHAPTER V. DETAILED FOLLOW-UP WORK IN DEVON  

1. 	INTRODUCTION  

On the basis of preliminary investigations described in Chapter III 

further studies were carried out in the four geologically defined areas (a) to 

examine the distribution of trace elements within the profiles of all soil 

series in relation to concentrations in the parent material, soil morphological 

features such as colour, texture and gleying, and other factors such as Eh, pH 

and organic matter content, in order to ascertain whether 1) trace element 

distribution is relatively consistent within a given soil series, 2) trace 

element distribution differs in soils developed on parent materials of different-,  - 

texture, 3) differences in trace element contents of poorly drained and freely 

drained soils are the result of environmental factors rather than changes in 

the trace element content of the parent material, 4) podzolisation has a 

significant effect on trace element distribution in the profile. 

(b) to investigate the relative form ana mobility of Co, Cu and Mn 

within catchments and soil profiles, as indicated by various partial extractants 

(discussed in Chapter II, pages 12-16) with a view to assessing the "availability" 

of trace elements to plants and relationships between trace element contents 

of stream sediments, soils and herbage, 
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2. 	STUDY AREAS IN DEVON  

(i) 	Devonian Slates,East of Dartmoor  

(A) 	Results of Detailed Profile Examinations  

Seven profiles in three catchments were examined. Data for three 

profile pits in Catchment 1 are shown in Table 11. A summary of results for 

all catchments is shown in Table 12. 

(a) Eh, pH and Soil Profile Morphology  

The High Week and Dartington series were freely drained and 

mottling was absent from the profiles. pH was constant with depth throughout 

the High Week profile but increased slightly from 5.9 at the surface to 6.4 

in the C horizon of the Dartington soil. 	Eh was positive. 

The Pulsford series was poorly drained and mottles were most 

abundant in the E horizon. Eh readings were negative throughout and pH was 

constant with depth in the profile. 

(b) Mechanic11112229sition and Organic Matter Content  

The High Week and Dartington topsoils contained similar propor-

tions of clay and fine sand, but the coarse sand fraction was larger and the 

silt content smaller in the Dartington than the High Week serieu possibly due 

to movement of finer particles downslope. 	The Pulsford top soil contained 

a similar proportion of fine sand to the brown earths and the size of the silt 

fraction was comparable to that of the High Week series. However the Pulsford 

contained almost twice as much clay as the other soils and this is thought to 

result from increased weathering of the slate under poor drainage conditions'  

(Harrod, pers.comm.1970). 

Organic matter contents were considerably higher in horizons of 

the Pulsford profile (with the exception of the 0 - 5 ems. layer) compared to 

corresponding horizons in the Dartington and High Week series, possibly 

because the rate of decay under anaerobic conditions in the former soil is 

much slower than in the freely drained soils, as noted by Russell (1961). 
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TABLE 11: Soil Profile Data from Catchment 1, Devonian Slates East of Dartmoor 

Depth (cms) 
and Horizon 

Mottles 
(%) 

Colour 	Eh(mm) pH Total Metal Content (ppm) 

Co 7 	Cu 	Fe(%) 	Mn 

EDTA-Extractable 
Metal Content (ppm) 
Co 	Cu 	Mn 

Loss on 
Ignition 

(%) 

Mechanical Analysis (%) 
Fine 	Coarse 	Silt 	Clay 
Sand 	Sand 

(a) 	Freely Drained Hill Top (High Week Series). Slope o? 
0-5 	A 0 7.5YR4/2 +80 5.8 19.2 28.0 5.0 1780 6.7 *  9.4 666 21.4 9.5 	17.0 37.0 28.4 

(35) (34) (37) 
5-10 	A 0 7.5YR4/2 +80 5.8 25.6 28.0 4.0 748 5.1 8.0 610 15.0 9.5 	17.0 37.0 28.4 

(20) (29) (82) 
10-20 	B 0 7.5YR4/2 +80 5.8 25.6 30.0 4.5 400 5.0 8.4 313 8.9 -11K N.D. N.D. N.D. N.D. 

(20) (28) (77) 
20-40 	B/C 0 7.5YR4/2 +210 5.7 42.0 35.2 5.7 1000 3.9 8.2 536 7.6 N.D. N.D. N.D. N.D. 

(9) (23) (54) 
Slate R 29.6 34.8 4.9 496 - 

(b) 	Freely Drained Hill Slope (Dartington Series). Slope 7! 
0-10 	A 0 7.5YR5/4 +160 5.9 29.6 28.8 4.4 1520 6.0 5.0 460 8.3 8.5 	37.5 26.0 25.2 

(20) (17) (30) 
10-20 A 0 7.5YR5/4 +160 5.9 31.2 26.0 4.3 992 6.2 4.4 475 7.1 N.D. N.D. N.D. N.D. 

(20) (17)  (48) 
20-30 	13 0 7.5YR5/8 +180. 	' 6.1 23.2 23.2 4.6 472 5.7 4.1 386 6.4 N.D. N.D. N.D. N.D. 

(25) (18)  (82) 
30-45 	B 0 , 7.5YR5/8 +180 6.1 34.4 24.8 5.2 452 6.1 4.3 371 6.2 N.D. N.D. N.D. N.D. 

, (18) (17) (82) 
50-70 	C 0 7.5YR5/8 +170 6.4 32.0 31.6 5.1 472 5.4 3.9 365 4.4 N.D. N.D. N.D. N.D. 

(17) (12) (77) 
Slate R 27.2 21.2 3.2 444 - 

(c) 	Poorly Drained Valley Bottom (Pulsford Series). Slope 0: 

0-10 20 101R4/2 -120 6.3 16.4 20.8 4.6 708 3.7 13.6 620 14.7 7.1 	5.2 39.0 47.0 
(23) (65) (88) 

1.0-20 	E 20 110YR4/2 -120 6.3 18.8 18.0 4.4 256 7.4 16.8 210 26.0 N.D. N.D. N.D. N.D. 
(39)  (93) (82) 

20-20 20 10YR4/2 -120 6.3 12.0 17.2 4.3 150 6.8 15.2 103 16.4 N.D. N.D. N.D. N.D. 
(57) ,(88) (69) 

30-40 	Bg 10 10YR6/1 -90 5.9 17.6 16.0 1.8 28 7.0 12.1 21 26.8 N.D. N.D. N.D. N.D. 
(40)  (76) (75) 

60-70 Cg 2 2.5YR4/4 -180 6.2 15.6 12.0 1.3 16 5.9 9.3 10 21.8 N.D. N.D. N.D. N.D. 
(38) (78) (63) 

Slate 	R - 28.4 26.9 4.8 408 - - - 

4e( ) Extractable metal content as a pn, 	Llion of total metal content (I) 
444. 14.D. Not Determined 



• 

TABLE 12: A Summary of Data for Topsoils, Subsoils and Rocks from Profile Pits, and Stream 
Sediments on Devonian Slates East of Dartmoor  

Group of Samples No. of 
Samples 

Co 

Total Metal Content 

Cu 	Fe(%) 

(ppm) 

Mn 

EDTA-Extractable Metal 
Content (ppm) 

Co 	Cu 	Mn 

Loss on 
Ignition 
(%) 

pH Eh(mv) 

(a) 	Topsoils 

5 

9 

5 

19 

19.2-32.8 
25.6 

28.0-37.2 	4.0-5.2 
29.2 	4.9 

312-1780 
911 

5.1-9.0 
6.9 
(27)** 

8.0-12.6 
9.6 
(33) 

220-688 
571 
(63) 

7.4-21.4 
13.2 

5.8-6.2 
6.0 

+80tc+210 
+15c High Weak Series (2)* 

Dartington Series (3) 

Puisford Series (2) 

Al/ Topsoils (7) 

29.6-62.0 
42.2 

'26.0-44.8 	4.3-10.4 
30.8 	7.4 

560-2432 
1330 

4.0-12.7 
8.7 
(21) 

3.6-13.6 
8.1 
(26) 

210-1080 
599 
(45) 

7.1-19.6 
11.4 

5.8-6.3 
5.9 

• 

+16Gt.:..230 
+16', 

6.4-20.8 
14.9 

17.2-30.8 	3.7-4.6 
23.1 	4.2 

150-708 
320 

2.2-7.4 
4.8 
(32) 

13.0-16.8 
14.5 
(63) 

'103-620 
264 
(83) 

9.0-26.0 
16.0 

5.6-6.3 
6.0 

-120t s'5 
- 

6.4-62.0 
27.6 

17.2-44.8 	3.7-10.4 
27.7 	5.5 

•.150-2432 
854 

2.2-12.7 
6.8 
(25) 

3.6-16.8 
10.7 
(39) 

103-1080 
478 
(56) 

7.1-26.0 
13.5 

5.6-6.3 
6.0 

-123ts+23s 
+9'., 

(b) 	Subsoils 

5 

12 

4 

21 

24.0-42.0 
30.8 

24.8-35.2 	4.'5-5.7 
29.4 	5.2 

41)4-1000 
559 

3.9-6.2 
5.1 
(17) 

7.2-8.4 
7.8 
(27) 

176-536 
286 

• (52) 

6.9-8.9 
" 	7.6 

5.3-5.8 
5.5 

+8Sto+2,..0 
+21". High Week Series (2) 

Dartington Series (3) 

Pulsford Series (2) 

All Subsoils 	(7) 

23.2-98.0 
49.8 

21.6-37.2 	4.6-14.0 
30.7 	8.4 

452-2884 
1302 

4.5-19.2 
9.3 
• (19) 

1.2-12.4 
6.4 
(21) 

250-942 
557 
(43) 

2.9-8.8 
6.0 

5.9-6.5 
6.1 

+1401-,+23") 
+12.-.. 

15.6-18.1 
17.2 

12.0-30.0 	1.3-3.2 
21.0 	2.0 

16-201 
68 

2.1-7.0 
4.3 
(25) 

'8.6-12.1 
10.0 
(48) 

10-67 
' 	29 
(43) 

3.8-26.8 
14.2 

5.9-6.2 
6.1 

-1it:+2.20 
4.1.0. 

15.6-98.0 
32.6 

12.0-37.2 	1.3-14.0 
27.0 	5.2 

16-2884 
643 

2.1-19.2 
6.2 
(19) 

1.2-12.4 
8.1 
(30) 

10-942 
291 
(45) 

2.9-26.8 
9.3 

5.3-6.5 
5.9 

-189- 0+260 
+14.7) 

(c) 	Rocks 7 27.2-56.0 
37 	5 

'19.5-52.0 	3.2-9.2 
Z.3_,Q___1.7...-.-- 

408-1968 	• 
754 

(d) 	Stream Sediments 3 15 18.4-30.0 	5.8 
22.5 

542-4000 
1718 

4.3-5.1 
4.7 
(31) 

2.9-5.6 
4.0 
(18) 

125-2356 
879 
(51) 

1.9-3.7 
2.7 

6.2-6.4 
6.3 

4.11;+04.1::.0 

*( ) Number of soil profile pits sampled 
**( ) Extractable metal content as a proportion of total metal 

content (%) 
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(c) Total Soil Metal Content 

In the High Week profile concentrations of Co increased from 

19 p.p.m. at the surface to 42 p.p.m. in the B/C horizon. Above 20 ems. 

depth Co contents were lower than that of the parent material. Copper concen-

trations increased slightly with depth from 28 p.p.m. in the surface to 35 p.p.m. 

in the B/C horizon, which was similar to the Cu content of the underlying rock. 

Iron concentrations also showed small variations within the profile. The Mn 

content of the 0 to 5 cms. horizon was higher than that of the underlying 

soil, probably due to recycling by plants. 

In the Dartington series Co, Cu and Fe contents showed little 

variation with depth and were higher than concentrations in the underlying 

slate. Manganese concentrations decreased from 1520 p.p.m. at the surface to 

472 p.p.m. in the B horizon, below which contents remained similar to that 

of the_parent rock (444 p.p.m.). 

Concentrations of Co in the Pulsford profile were fairly constant 

throughout the profile, with exception of a low value in the 20 to 30 cms. 

.layer, and were lower than that of the underlying slate (28 p.p.m.). The Cu 

contents decreased with depth from 21 p.p.m. at the surface to 12 p.p.m. in 

the Cg horizon and were lower than that of the parent material. Iron and Mn 

distribution was similar to that of Cu, although there was some surface 

enrichment of Mn relative to the slate. Very low Mn and Fe concentrations 

occurred in the Bg and Cg horizons, indicating that leaching of these elements 

under reducing conditions is particularly severe in this part of the profile. 

(d) Extractable Soil Metal Content 

Proportions of total Co and Cu extracted by EDTA decreased with 

depth in the High Week soil but were fairly similar throughout the Dartington 

profile. Proportions of total Mn extracted were rather variable in the High 

Week; the highest proportion of total Mn was extracted from the B horizon of 

the Dartington profile. Proportions of total Co, Cu and Mn extracted from 

the Pulsford series were rather variable, but generally slightly higher than 

in the other soils. 
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(c) 	Soil - Rock - Stream Sediment Relationships  

Data for soils, rocks and sediments are summarised in. Table 12,  

The High Week topsoil contained slightly lower Co and Fe concentrations than 

the underlying slate, but otherwise concentrations of the elements studied 

were similar to or greater than mean contents of the parent material in both 

High Week and Dartington topsoils. The Pulsford topsoil showed depletion in 

relation to the parent material, probably as a result of leaching in poor 

drainage conditions. Concentrations of Co, Cu, Mn and Fe in subsoils showed 

a similar relationship to mean rock contents, and the Pulsford showed marked 

Fe and Mn depletion in relation to the slate. Proportions of total Co, Cu and 

Mn extracted from topsoils by EDTA were slightly higher than proportions 

extracted from subsoils, associated with higher organic matter contents in 

topsoils. 

Mean Co and Cu concentrations in stream sediments were similar to 

contents of Pulsford topsoil and subsoil from profile pits and were lower than 

concentrations in High Week and Dartington soils and mean contents of rocks. 

The mean Fe content of stream sediments was similar- to contents of soils and 

rocks. The Mn content of sediments showed enrichment in relation to mean 

topsoil, subsoil and rock contents, but was similar to Mn concentrations in 

the Dartington series. 

Partial Extraction of Topsoils  

Concentrations of Co, Cu and Mn extracted by EDTA, acid NH4Ac and 

neutral NH
4
Ac from topsoils are shown for Catchment 1 in Table 13, and 

summarised for all catchments in Table 14. 

(a) 	A Comparison of Extractants  

EDTA extracted considerably more Co, Cu and Mn from topsoils than 

neutral or acid NH4 
 Ac. This would be expected since EDTA is such a powerful 

chelating agent that it removes only slightly smaller concentrations of trace 

elements than 0.1 N. hydrochloric acid (Alloway, 1969). 

Partial extractants removed larger proportions of the total soil 

metal content from Pulsford topsoil in Catchment 1 than from the other series, 



TABLE 13: Extractable Cobalt, Copper and Manganese in Topsoils (0-15 cms) and Stream Sediment in Catchment 1,  

Devonian Slates East of Dar 	Ulloor (Ranges and Means)  

Origin of 
Samplps Total 

COEALT (rpm) 
Acid NH4Ac 	EDTA- 
Extractable Extractable 

Total 
COPPER (ppm) 	 MANGANESE (ppm) 

Neutral NH4Ac Acid NH4Ac 	EDTA- 	Total 	Neutral NH4Ac Acid NH4Ac 	EDTA- 
Extractable 	Extractable Extractable 	Extractable 	Extractable Extractable 

15-40 0.6 5.4-8.6 26-33 0.6-1.0 0.4-1.3 7.6-10.2 600-2000 48-94 127-204 390-790 
Waek 26.9 (2)** 7.6 30 0.8 0.9 9.3 1463 72 164 605 

1 (26) (3) (3)  (31) (5)  (11) (41) 
S 	., 

-1-2.ortiton 20-30 0.7-1.0 3.6-7.0 14-33 1.0-1.4 0.4-1.3 3.8-11.6 1300-2000 26-68 96-130 250-612 
Series 28.1 0.9 5.3 20.6 1.2 0.8 8.2 1725 45 114 492 
8 (3) (19) (6)  (4)  (40) (3) ' (7)  (29) 

4 6 6 6 6 

Fuisfp-d 13-20 0.7-1.2 2.0-7.0 18-21 1.0-1.4 0.4-3.2 7.6-15.6 200-500 26-89 80-183 66-260 
Series 15.2 0.9 4.6 19.3 1.1 1.4 10.9 317 62 130 183 
6 (6) (30) (5) (7) (56) (20) (41) (53) 

5 

15 0.8 5.1 30 1.0 1.1 5.6 4000 353 587 2356 
Sediment (5) (34). (3) (4) (19) (9) (15) (60) 

Number of Samples 
**( ) Extractable metal content as a proportion of total metal content (%) 



TABTF 14: A Summary of Extractable Cobalt, Copper and Manganese Contents of Topsoils (0-15 cms) and Stream Sediments on 
Devonian Slates East of Dartmoor  

,atchment Sample 	COBALT (ppm) 	COPPER (ppm) 	 MANGANESE (ppm) 
Total Acid NH4Ac 	EDTA- 	Total Neutral NH4Ac Acid NH4Ac 	EDTA- 	Total 	Neutral NH4Ac Acid NH4Ac 	EDTA- 

Extractable Extractable 	Extractable 	Extractable Extractable 	Extractable 	Extractable Extractable 

Topsoil 13-40 	0.6-1.2 2.0-8.6 14-33 	0.6-1.4 	0.4-3.2 	3.8-15.6 	200-2000 	26-94 	80-204 65-790 
22 * 	24.1 	1.0 5.1 25 	1.0 	1.6 	10.6 	1245 	56 	116 319 

(4)** (21) (4) 	(6) 	(43) 	(5) 	(10) (26) 
10 

Sediment 	15 	0.8 5.1 30 	1.0 	1.1 	5.6 	4000 	353 	587 2356 
(5) (34) (3) 	• 	(4) 	(19) 	(9) 	(15) (60) 

Topsoil 	5-20 	N.D.:." 4.4-14.4 22-42 	N.D. 	N.D.. 	5.2-12.8 	264-2284 	N.D. 	N.D. 74-884 
2 14 	12.5 8.0 28.8 	 8.7 	955 350 

(64) (30) (37 

Sediment 	15 	N.D. 4.3 18.4 	N.D. 	N.D. 	2.9 	542 	N.D. 	N.D. 125 • 
(29) (16) (23) 

Topsoil--10-30 	N.D. 2.8-6.2 20-40 	N.D. 	N.D. 	5.2-15.6 	568-1056 	N.D. 	N.D. 84-880 
3 8 	14.4 4.5 28.3 	 10.3 	795 344 

(31) (36) (43) 

Sediment 	15 	N.D. 4.6 19.2 	N.D. 	N.D. 	' 	3.5 	612 	N.D. 	N.D. 157 
(31) (18) (25) 

-:11 Topsoil 	5-40 	0,6-1.2 2.0-14.4 14-42 	0.6-1.4 	0.4-3.2 	3.8-15.6 	200-2284 	17-175 	41-229 66-884 
etch- 44 	17 	1.0 5.9 27.4 	1.0 	1.6 	9.9 	998. 	56 	116 338 

:rents (4) (35) (4) 	(6) 	(36) 	(5) 	(10) (34) 
12 22 	22 	 22 	22 

Sediment 	15 	0.8 4.3-5.1 18.4-30.0 	1.0 	1.1 	2.9-5.6 	542-4000 	353 	587 '125-2356 
3 	 (5) 4.7 22.5 	(3) 	(4) 	. 	4.0 	1718 	(9) 	(15) 879 

1 (31) 1 	1 	(18) 	1 	1 (51) 

Number of Samples **( ) Extractable metal content as a proportion of total metal content (%) 
- N.D. Not Determined 
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(b) Relationships Between Extractable and Total Soil Metal Contents and 

Plant Uptake of Co, Cu and Mn. 

When data for the three catchments were combined, correlations 

were found between total soil Cu contents and 1) Cu contents of herbage in 

June (r = 0.325, p <0.05) and 2) Cu contents of herbage in September 

(r = 0.523, p<0.001). There was no relationship between total soil Co and 

Mn and concentrations in herbage. There were no correlations between extract-

able Co, Cu and Mn contents of topsoils and concentrations in herbage. 

(c) Soil - Stream Sediment Relationships  

There was little difference between amounts of Co and proportions 

of total soil Co content extracted from topsoils and stream sediment in Catch-

ment 1. Neutral and acid NH
4
Ac extracted similar amounts of Cu from soils and 

the sediment, but the EDTA-extractable Cu content of the sediment was lower 

than that of soils. Proportions of the total Mn content extracted from the 

stream sediment by the three reagents were considerably higher than those 

extracted from topsoils, suggesting that part of the total Mn content of the 

sediment is the result of mobilisation and leaching rather than elastic 

dispersion within the catchment, which confirms earlier work (Horsnail; 1968). 

In Catchment 2 mean EDTA-extractable Co, Cu and Mn contents of 

topsoils were higher than extractable contents of the stream sediment. In 

-Catchment 3 amounts of, Co extracted by EDTA from topsoils and sediments were 

similar, but the EDTA-extractable Cu and Mn contents of the stream sediment 

were lower than those of topsoils. There was, therefore no evidence for 

mobilisation and leaching of Co,'Cu and Mn in catchments 2 and 3. These 

results confirm that the enrichment of Mn in the stream sediment in Catchment 

1 is relatively unusual in this area and is caused by the presence of an 

exceptionally large area of poorly drained soil within the catchment. 

(ii) Upper Carboniferous Rocks North of Dartmoor 

A. 	Results of Detailed Profile Investi,ations 

Thirteen profiles in four catchments were examined. Data from 

two profiles in Catchment 1 and three profiles in Catchment 2 are given in 
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Table 15, and from one profile in Catchment 4 in Table 16. Results from all 

catchments are summarised in Table 17. 

(a) E. 	pH and Soil Profile  Morphology  

The Tedburn series is predominant in Catchment 1. Mottling in 

the surface was restricted to root channels, but became prominent and abundant 

in the Bg and Cg horizons. Eh readings were negative in the E horizon, but 

positive below, where drainage conditions improved. In the profile on the 

hill top pH was lower at the base of the profile than in the E and upper Bg 

horizons but on the slope the reverse was true. 

In Catchment 2 site drainage on the hill top was poor, but lack 

of mottling and reducing conditions in the Halstow series indicated that 

profile drainage was moderate. 	pH readings were relatively high (6.1 to 7.4) 

compared to other profiles, possibly as a result of recent liming. Drainage 

improved_ slightly on the slope and Eh readings were positive throughout the 

profile. 	pH increased with depth from 5.7 at the surface to 6.7 at the base 

of the profile. 

In the gleyed surface and Bg horizons of the Reedy series mottles 

were restricted to root channels and Eh readings were negative. Profile 

drainage improved below 45 cms. and mottling was prominent. pH remained 

constant with depth in the profile. 

The Dunsford profile in Catchment 4 was freely drained and Eh 

readings were positive throughout. 	pH decreased slightly with depth from 

5.1 at the surface to 4.7 at the base of the profile and was lower than in 

other profiles examined on Upper Carboniferous rocks in Devon, probably 

because it had not been limed for several years. 

(b) Mechanical  Composition and Organic Matter Content  

The Halstow and Dunsford topsoils contained larger proportions 

of coarse and fine sand than the Reedy Complex, but similar proportions of 

silt. The Reedy topsoil contained more clay than the Halstow series, 

indicating that weathering of the parent material is more intense in poorly 

drained soils adjacent to streams, as suggested by Clayden (1964). 
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TABLE 15: Soil Profile Data from Catchments 1 and 2, Upper  

Carboniferous Shales North of Dartmoor  

Depth (crs) Mottles 	Colour 	 Eh(m7) 	pH 	Total Metal Content (ppm) 	ED7A-Extractable 	Loss on 
and 	 Metal Content (ppm) Ignition 
Horizon 	 Co Cu Fe(%) Mn Co 	Cu Hn (5) 

CATCHMENT  1. (a) Poorly-Drained  Hill Top (Tedburn Series). Slope 0!  

0-S 	 5 7.51R4/4 -110 6.1 20.0 40.0 4.8 446 3.7 12.0 230 10.5 
v 	 (19)* 	(30) 	(51) 

5-10 	S 7.5194/4 -110 6.1 23.0 40.4 4.6 452 1.7 9.4 235 9.4 
(7) 	(23) (52) 

10-15 E 5 7.51R4/4 -110 6.1 22.0 42.8 5.0 520 4.0 10.6 270 9.5 

• 15-20 

_..1 	

5 

7 	

(18) 
7.5184/4 -110 6.1 25.6 42.8 4.6 184 2.8 

(11) 	

(25) (52) 
10.0 170 

	

(23) (92) 	
9.2 

	

10184/1 -140 5.9 23.0 42.8 5.3 268 3(i) 	 8.7 20-30 	 10.6 130 
(25) (43) 

30-40 	60 2.516/2 +130 5.8 18.0 41.2 5.7 120 2.8. 3.0 25 2.0 

60-70 	40 _Bg 
	

(16) 

	

10196/8 +140 5.2 20.0 42.4 5.8 116 1.7 	
(7) (21) 

	

3.0 	10 	4.6 
(9) 	(7) 	(9) 

80-90 Cg 40 10186/8 +140 5.2 20.0 51.0 7.6 213 1.52 
	

3.4 
(0) 	(5 ) 	( 26.? 

Shale R 	- 	 - 	- 	20.8 	60.0 	9.4 	264 	- 	- 	- 

(b) Poorly  Drained  Hill Slope (Tedburn Series).  Slope Se  
0-10 

-1 

5 	10185/2 -10 5.2 36.0 48.8 6.1 264 2.2 
(6) 	

19.2 	150 	12.1 
(39) (57) 

10-20 E 5 	10185/2 -10 5.2 35.0 48.0 6.2 316 4.0 

	

17.2 	145 	15.1 

20-30 J 	10 	7.5195/6 	+90 	
. . 	(11) 

	

5.7 35.0 46.0 5.9 368 3.4 	
(36) (46) 

12.6 145 11.0 

30-60 

 
(30) 

	

7.5197/1 +140 5.9 30.0 22.8 6.8 176 2.8 	
(27) (39) 

70  

	

3.4 	100 	5,0 
Bg 	 (9) 	(15) (60) 

60-80 j 	70 	7.5187/1 +140 	5.9 31.0 58.8 	8.0 436 5.63.4 300 	8.2 
(18)  (6) (69) 

80-90 
-1

10 7.5186/0 +160 5.5 22.0 34.4 5.5 496 4.5 2.4 375 4.3 
Cg 	 (20) 	(7) 	(76) 

90-120 
 

J 
10 7.5196/8 +100 6.3 22.4 50.0 5.5 988 4.5 3.4 290 4.3 

(7) (29) 
Shale R 	 25.7 S2.6 7.9 187 (20) 

	

- 	 - 	- 

Depth(cms) Mottles 	Colour Eh(mv) pH 	Total Metal Content 	EDTA-Extractable Loss on 	Mechanical Analysis(%) 
and 	 (ppm) 	Metal Content (ppm)Ignition Fine Coarse Silt Clay 
Horizon 	(%) 	 Co Cu Fe(%) Mn Co 	Cu Mn 	(4) Sand Sard  
CATCHMENT  2.  (a) Poorly Drained Hill Top (Halstow Series). Slope 0  
o-5 	 2 	108.4/3 +90 6.1 28.0 16.4 3.6 976 4.5 10.2 382 10.6 18.7 11.2 45.8 22.0 

(16) (52) (39) 
5-10 11 	2  10184/3 	+90 	6.1 20.0 34.8 3.4 896 	3.0 	10.0 	420 	11.4 	N.D.44*  N.D. N.D. N.D. 

(5) 	(29) 	(47) 
'10-15 	2 	10184/3 +90 6.1 20.0 29.6 3.6 636 3.2 10.5 331 11.7 N.D. N.D. N.D. N.C. 

9 	 (16) (35) (61) 
15-20 	2 	108.4/3 +240 6.9 19.0 30.0 4.0 604 2.8 9.8 395 10.6 N.D. N.D. N.D. N.D. 

(15) (33) (64) 
20-25 	2 	10184/3 +240 6.9 20.0 30.8 4.0 464 2.8 8.4 207 10.5 N.D. N.D. N.D. N.D. 

(14) (27) (45) 
25-30 	2 	10YR4/3 +240 6.9 15.2 29.6 3.3 160 2.6 	8.2 85 	6.0 N.C. N.D. N.D. N.D. 

(17) (26) (53) 
30-457 	0 	2.5/6/4 +40 7.4 20.0 27.2 3.7 68 2.9 7.5 49 	5.7 N.D. N.D. N.D. M.D. 

Bg 	 (15) (28) (72) 
45-50j 	0 	2.516/4 +40 7.4 17.6 27.2 3.7 32 1.7 6.1 17 	5.3 N.D. N.D. N.D. N.D. 

(10) (22) (53) 
50-70 Cg 	20 	10186/1 t210 6.7 13.0 43.2 4.2 	8 1.9 	5.3 	2 	3.6 N.D. N.D. N.D. N.D. 

(15) (12) (25) 
Shale R . - 	 8.4 25.2 1.6 88 	- 	-  

(b) Imperfectly Drained Hill Slope (Halstcw Series).  Slope 77  
0-10 -1 	. . 	10YR4/4 	+130 5.7 28.0 31.6 4.4 968 5.2 10.4 720 	11.1 19.4 	9.2 42.4 27.6 

(19) (33) (74) 
10-20 E 	0 	10184/4 '+130 5.7 27.2 32.8 3.6 832 7.5 9.4 750 	8.5 N.D. N.D. N.D. N.D. 
25-30 j 	0 	7.5185/4 	+160 	6.1 25.6 28.8 3.9 312 	i") (in 	W,)  .8 	 6.8 N.D. N.D. N.D. N.D. 

(27) (30) (71) 
30-35 1 	7 	2.516/4 	+170 	6.7 21.6 36.0 4.3 108 	5.3 	7.9 	85 	4.2 	N.D. 	N.D. N.D. N.D. 

Bg 	 (25) (22) (79) 
45-50 1 	7 	2.516/4 	+170 	6.7 20.0 38.0 4.2 	36 	4.7 	7.7 	29 	5.6 . N.D. 	N.D. N.D. 'N.D. 

(24) (20) (81) 
57-70 Cg 	30 	10185/8 +170 6.7 16.8 32.0 2.7 28 3.1 	6.4 	17 	2.5 N.D. N.D. N.D. N.D. 

(18) (20) (61) 
Shale 9 	 13.2 26.4 4.6 172 	- 	 - " - 

(c) Poorly Drained Valley Bottom (Reedy Complex). Slope 1.  
0-10 -1 	5 	10YR5/2 	-80 	6.1 20.0 21.2 4.0 540 	8.2 	10.? 	264 	15.7 	14.2 	4.8 	48.2 36.6 

E 	 (41) (48) (49) 
10-151 	5 	10185/2 -80 6.1 21.0 20.4 4.1 47/ 3.7 10.2 150 	9.7 N.D. N.D. N.D. N.D. 

(18) (50) (32) 
2S-30 Bg 	5 	108.6/1 -90 5.8 20.0 10.4 4.2 272 4.2 6.3 87 	7.5 N.D. N.D. N.D. N.D. 

(21) (61) (32) 
45-70 -1 	80 	10187/1 +180 6.0 18.0 38.8 6.9 192 2.7 7.1 75 	6.4 N.D. N.D. N.D. N.D. 

Cg 	 (15) (18) (39) 
70-90 ...j 	60 	10197/1 	+130 	6.2 13.0 40.4 6.4 112 	1.6 	6.1 	52 	5.3 	N.D. 	N.D. N.D. N.D. 

(12) (15) (46) 
Shale R 	 17.2 14.0 1.7 280 - 	- 	- 

• 

4f(-) Extractable metal content as a proportion of total metal content (%). 	 M.D.4'0( 	Not Determined 



TABLE 16: Soil Profile Data from Catchment 4, Upper Carboniferous Shales North of Dartmoor  

DeDth(c73) 	Mottles 	Colour 	Eh(mm) 	pH 	Total Metal Content (ppm) 	EDTA-Extractable Loss on 	Mechanical Analysis (%) 
and Earizon 	(%) 	 Metal Content (ppm) Ignition Fine Coarse Silt Clay 

Co 	Cu Fe(%) Mn 	Co Cu 	Mn 	(%) 	Sand Sand 

(a) 	Freely Drained Hill Slope (Dunsford Series), Slope 15: 

0-5 A 0 7.5YR4/2 +220 5.1 18.0 32.8 4.3 1156 9.8 4.8 498 9.1 10.2 	19.3 39.6 27.0 
(54)*  (15)  (43) 

5-10 A 0 7.5YR4/2 +220 5.1 18.0 30.8 4.0 1128 5.1 4.4 390 4.7 N.D. N.D. N.D. N.D. 
(28) (14) (35) 

10-15 A 0 7.5YR4/2 +220 5.1 18.0 31.2 4.2 1284 4.5 3.6 348 7.2 N.b. N.D. N.D. N.D. 
(25) (12) (27) 

_5-23 A 0 7.5YR4/2 1-220 5.1 20.0 30.8 4.4 1028 4.0 3.4 395 4.4 N.D. N.D. N.D. N.D. 
(20) (11) (38) 

20-30 B 0 5YR5/6 +230 4.8 22.0 26.0 4.1 568 2.3 2.0 100 4.2 N.D. N.D. :;.D. N.D. 
(10) (8) (18) 

40-50 B 0 5YR5/6 +230 4.8 22.0 28.0 4.4 792 3.4 3.4 145 4.4 N.D. N.D. N.D. N.D. 
(15) (12) (18) 

60-70 C 0 5YR5/8 +230 4.8 24.0 27.2 5.0 872 3.4 3.0 175 4.8 N.D. N.D. N.D. N.D. 
(14) (13)  (20) 

80-90 0 0 10YR5/4 +250 4.7 23.0 40.4 5.1 476 2.8 3.2 53 2.9 N.D. N.D. N.D. N.D. 
(12) (14)  (11) 

Shale R 17.2 29.2 5.0 388 - 	- 

) Extractable metal content as a proportion of total metal content (%). 	44N.D. Not Determined 



: 	- 
TABLE 17: A Summary of Data for Topsoils, Subsoils and Rocks from Profile Pits and Stream 

Sediments on Upper Carboniferous Rocks North of Dartmoor  

Group of Samples 	No. of 	Total Metal Content 	(ppm) 	EDTA-Extractable Metal 	Loss on 
Samples 	 Content (ppm) 	Ignition 	pH 	Eh(mv) 

Co 	Cu 	Fe(%) 	Mn 	Co 	Cu 	Mn 	(%) 

.'(a) 	To^soils 
Halstow Series (6)* 	* 	23 	15.2-28.0 	16.4-35.2 	3.0-4.4 	160-1684 	0.7-7.5 	4.0-10.5 	85-750 	4.7-12.2 	5.4-6.9 	+90to+240 

24.5 	28.2 	3.7 	701 	4.2 	7.5 	341 	8.7 	. 	6.0 	+150 
(17)** 	(27) 	(49) 

Tedt.urn Series (4) 	14 	20.0-36.0 	34.8-48.0 	3.9-9.5 	184-520 	1.7-6.0 	9.2-19.2 	75-322 	4.4-29.1 	5.2-6.1 	-160to+120 
27.5 	41.5 	5.5 	360 	3.5 	12.4 	191 	, 	12.1 	5.8 	-60 

(13) 	(30) 	(53) 
Reedy Complex (1) 	2 	20.0-21.0 	20.4-21.2 	4.0-4.1 	472-540 	3.7-8.2 	10.2 	150-264 	9.7-15.7 	6.1 	-80 

20.5 	20.8 	4.1 	506 	(.0 	207 	12.7 
(29) 	(49) 	(41) 

Dunsford Series (1) 	4 	18.0-20.0 	30.8-32.8 	4.0-4.4 	1028-1284 	4.0-9.8 	3.4-4.8 	348-498 	4.4-9.1 	5.1 	+220 
18.5 	31.4 	4.2 	1149 	5.9 	4.1 	408 	6.4 

(32) 	(13) 	(36) 
All Topsoils (12) 	43 	15.2-36.0 	16.4-48.0 	3.0-9.6 	160-1684 	;0.7-9.8 	3.4-19.2 	75-750 	4.4-29.1 	5.1-5.9 	-180to+240 

22.8 	30.5 	4.4 	679 	: 	4.9 	8.6 	287 	10.0 	5.8 	+60 
(21) 	(28) 	(42) 

(b) 	Subsoils 
Halstow Series (6) 	19 	" 	13.0-30.4 	10.0-51.2 	2.7-5.9 	8-444 	1.7-5.3 	3.1-7.9 	2-186 	2.5-17.6 	6.1-7.4 	+40to+250 21.5 	33.1 	4.5 	90 	3.5 	5.4 	62 	5.8 	6.3 	+150 

(16) 	(16) 	(63) 
Tedburn Series (4) 	11 	' 	18.0-42.0 	22.8-58.8 	3.4-8.0 	116-988 	1.5-5.6 	2.4-11.6 	10-375 	2.0-8.2 	5.2-6.3 	-230to+170 25.6 	41.3 	5.9 	340 	3.2 	5.4 	132 	5.0 	5.3 	+70 

' 	(13) 	(13) 	(39) 
Peedy Complex (1) 	3 	13.0-20.0 	10.4-40.4 	4.2-6.9 	112-272 	1.6-4.2 	6.1-7.1 	52-87 	5.3-7.5 	5.8-6.2 	-90to+180 17.0 	29.9 	5.8 	192 	2.8 	• 6.5 	71 	6.4 	6.0 	+70 

(16) 	'(22) 	(37) 
Jrzford-Series (1) 	4 	22.0-24.0 	26.0-40.4 	4.1-5.1 	476-872 	2.3-3.4 	2.0-3.4 	53-175 	2.9-4.8 	4.7-4.8 	+230to+250 22.8 	30.4 	4.7 	677 	3.0 	2.9 	118 	4.1 	4.8 	+240 

(13) (10) 	(17) 
All Subsoils (12) 	37 	13.0-42.0 	10.0-58.8 	2.7-8.0 	8-988 	1.5-5.6 	2.0-11.6 	2-375 	2.0-17.6 	4.7-7.4 	-230to+250 21.7 	33.7 	5.2 	327 	3.1 	5.1 	96 	5.3 	5.7 	+130 

(14) (15) 	(29) 
(c) 	Rce%s 12 	8.4-58.0 	14-16 	1.6-9.4 	88-2144 

21.1 	27.8 	4.1 	440 

(d) 	Stream Sediment 4 	15-30 	31-36 	5.5-8.9 	850-3500 	5.1-11.6 	2.6-15.2 	300-1996 	2.3-6.1 	6.1-6.3 	460to+180 22.5 	33.1 	7.7 	2050 	8.5 	8.9 	1037 	4.3 	6.2 	+120 
(38) 	(27) 	(51) 

*( ) Number of profile pits 
*( ) Extractable metal content as a proportion of total metal content ($) 
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The Tedburn and Halstow profiles contained similar amounts of 

organic matter and the content decreased sharply below the E horizon. In the 

Reedy profile the decrease in organic matter with depth was more gradual than 

in other series. Organic matter contents were slightly lower in the Dunsford 

profile than in other series. 

(c) 	Total Soil Metal Content  

In the Tedburn profile on the hill top Co concentrations were 

similar to that of the parent material. Concentrations of Cu were similar to 

a depth of 70 cms. but increased to 51 p.p.m. in the Cg horizon, which was 

similar to the Cu content of the shale. 	Iron content showed a similar distri- 

bution to that of Cu. Concentrations of Mn were higher in the E horizon than 

in the Bg and Cg horizons which showed depletion in relation to the Mn content 

of the parent material. 

In the Tedburn profile on the hill slope Co concentrations de-

creased with depth and were higher in the- E and Bg horizons than the Co content 

of the shale. 	Concentrations of Cu remained constant in the E horizon, 

declined sharply below 30 cms. - associated with a decrease in organic matter 

content - but increased to 59 p.p.m. in the 60 to 80 ems. region. With the 

exception of the latter, Cu contents of the soil were slightly lower than that 

of the parent material. Iron distribution was similar to that of Cu.Concen-

trations of Mn in the E horizon and upper Bg were slightly lower than in the 

parent material, but below 60 ems. soil Mn contents were higher than that of 

the shale. 

Concentrations of Co in the Halstow series on the hill top showed 

no systematic variation with depth. 	Copper contents were faitiy similar 

throughout the profile, with the exception of a low value in the surface and 

a high value in the Cg horizon, and were generally higher than that of the 

shale. 	Iron concentrations were fairly constant, but Mn decreased with 	depth 

from 976 p.p.m, in the surface to 8 p.p.m. in the Cg horizon, associated with . 

a decrease in organic matter content. 
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In the Haistow profile on the hill slope Co concentrations decreased 

from 28 p.p.m. in the surface to 17 p.p.m. in the Cg horizon, but Cu and Fe 

contents remained fairly constant. There was a marked decrease in Mn concen-

trations from 968 p.p.m. in the surface to 28 p.p.m. in the Cg horizon. The 

very low Mn contents in the subsoil were associated with the appearance of 

mottles. 

In the Reedy Complex the Fe and Co contents of the E and Bg horizons 

showed little variation, but below 45 ems. Co concentrations decreased from 

20 to 13 p.p.m. at the base of the profile; Fe contents increased from 4.2 

to 6.9%, associated with very heavy mottling in the Cg horizon. Copper 

contents were similar in the E horizon, decreased to 10 p.p.m. in the Bg and 

were highest in the Cg horizon. The low Cu content of the Bg horizon was not 

associated with any particular variation in soil features. Manganese concen-

trations decreased from 540 p.p.m. at the surface to 112 p.p.m. at the base 

of the profile. 

In the Dunsford profile Co concentrations increased slightly from 18 

.p.p.m. at the surface to 24 p.p.m. in the C horizon, and were higher than the 

Co content of the parent material. 	Iron and Cu contents were fairly constant, 

but concentrations of Mn were higher in the A horizon than in the subsoil. 

Concentrations of Cu were similar, Mn contents were higher and Fe contents 

slightly lower than concentrations in the underlying shale. 

(d) 	Extractable Soil Metal Content  

In the Tedburn profile on the hill top extractable Co contents 

were fairly similar but considerably less Cu and Mn were extracted from the Bg 

and Cg horizons than from the E horizon, associated with a decrease in organic 

matter content. EDTA-extractable Cu followed a similar distribution pattern 

in the profile on the slope, but more Co and Mn was extracted from the lower 

part of the profile than from the 0 to 60 ems. region. 

EDTA-extractable Co and Mn contents decreased with depth in the 

Halstow profiles, but remained constant as proportions of total soil Co and Mn 

extracted- 	Proportions of total Cu extracted by EDTA decreased with depth in 

both profiles. 
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EDTA-extractable Co and Mn contents of the 0 to 10 ams. layer of the 

Reedy profile were higher than in the rest of the profile. Proportions of 

total Co extracted decreased with depth but proportions of total Mn remained 

constant. EDTA-extractable Cu contents decreased from 10 p.p.m, (50% of the 

total Cu content) at the surface to 6 p.p.m. (15%) at the base of the profile. 

Amounts and proportions of Co and Mn extracted from the Dunsford profile 

decreased with depth in the profile, associated with a decrease in soil organic 

matter content, but extractable Cu showed no consistent trend in relation to 

other profile features. 

(e) 	Soil - Rock - Stream Sediment Relationships  

Concentrations of Co in soils and rocks were generally similar. 

The Reedy Complex topsoil was slightly depleted in Cu in relation to the mean 

rock content, and the Tedburn series showed Cu enrichment, but otherwise Cu 

concentrations were similar in rocks and soils. With the exception of the 

Tedburn series, Fe contents of topsoils were similar to mean rock content, 

but Fe concentrations in all subsoils were slightly higher than in the rocks. 

The Halstow and Dunsford topsoils showed Mn enrichment relative to the rocks, 

probably due to recycling by plants. The Tedburn series was depleted in Mn 

compared to the rocks, probably because of reducing conditions resulting from 

poor soil drainage. With the exception of the Dunsford series, Mn contents 

of subsoils were lower than that of rocks. Proportions of total Co, Cu and Mn 

extracted from topsoils were generally higher than proportions extracted from 

subsoils, with the exception of Mn in the Halstow series, associated with 

higher organic matter contents in the topsoils. 

The stream sediment Co and Cu contents were similar to mean concen-

trations in soils and profile pits, but Fe and Mn contents showed enrichment 

in relation to all soils and the mean content of rocks. 

Mean concentrations of Co, Cu and Fe in subsoils were slightly higher 

than those found in previous work on Upper Carboniferous rocks north of 

Dartmoor (Horsnail, 1968), but Mn contents were slightly lower. 	The mean Cu 

content of rocks was similar to that,found in previous studies, but concen- 
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trations of Co, Mn and Fe were higher. The wide ranges of Co, Mn and Fe 

contents of rocks sampled in the present study suggested that, despite careful 

sampling, weathered rocks had been collected from the profile pits which had 

been leached of Co, Fe and Mn under reducing conditions. 	It appears there- 

fore that rock samples analysed in previous work (Horsnail, 1968) had under-

gone weathering and leaching of Co, Mn and Fe. 

Concentrations of Co and Cu in stream sediments were slightly lower 

than those found in previous studies (Horsnail, 1968), but Mn and Fe contents 

were considerably higher. 

B. 	Partial Extraction of Topsoils 

The amounts of Co, Cu and Mn extracted from topsoils in Catchments 2 

and 4 are shown in Tables 18 and 19 respectively. Data for all catchments 

are summarised in Table 20. 

(a) 	AComparison of Extractants 

EDTA extracted considerably more Co, Cu and Mn from soils than acid and 

neutral NH4Ac. Proportions of total Co, Cu and Mn extracted by EDTA from the 

predominantly poorly drained topsoils of Catchments 1 and 2, and in Catchment 

3 were similar. Larger proportions of total Co were extracted from the pre-

dominantly freely drained soils in Catchment 4, but proportions of total Cu and 

Mn extracted were similar to those in the other catchments. These results 

suggest that leaching of Co from the poorly drained soils as a result of 

reducing conditions may have depleted the extractable Co fraction. 

In Catchment 2 proportions of total Co extracted from all series were 

similar, but a larger proportion of total Cu was extracted by EDTA from the 

Reedy Complex than from the other soils, possibly due to the higher organic 

matter content of the former soil. Slightly larger proportions of total Mn 

were extracted by EDTA from the Dunsford and Reedy soils than from the Halstow, 

Acid and neutral NH
4
Ac removed considerably larger proportions of total Mn 

from the Reedy topsoil than from the Halstow and Dunsford series, possibly due 

to the higher clay content of the former. 



TABU: 18: Extractable Cobalt, Copper and Man anese in Topsoils (0-15 oms) and Stream Sediment in Catchment 2, 
Upper Carboniferous Shales North of Dartmoor (Ranges and Means)  

Origin of 	COBALT (ppm) 	 COPPER (ppm) 	 MANGANESE (ppm) 
Samples 	Total Acid NH4Ac Ac 	EDTA- 	Total 	Neutral NI-T Pc Acid NH4Ac 	EDTA- 	Total Neutral NH4Ac Acid NH4Ac 	EDTA- 

Extractable Extractable 	Extractable Extractable Extractable 	Extractable Extractable Extractable 

Has-:-ow 
Series 
9 * 

15-25 
19.4 

0.3-0.6 
0.5 
(3)** 
2 

2.0-6.2 
3.3 
(17) 

14-32 
23 

0.0-1.6 
1.0 
(4) 
8 

0.4-1.0 
0.7 
(3) 
8 

5.2-14.2 
9.0 
(39) 

400-1300 
772 

31-116 
55 
(7) 
8 

70-200 
106 
(14) 

8 

230-520 
336 
(47) 

D -"Zond 
Series 
10 

10-20 
16.5 

0.3-0.7 
0.5 
(3) 

2.8-7.0 
4.1 
(25) 

21-43 
28.7 

0.0-1.4 
0.9 
(3) 

0.4-1.3 
0.9 
(3) 

5.2-12.8 
9.6 
(33) 

505-1600 
1013 

25-124 
94 
(9) 

108-171 
99 

(10) 

324-920 
670 
(60) 

4 8  8 8 , 	8 

Reedy 15 0.2 2.0-4.0 17-27 0.4 1.0 5.8-9.0 100-600 69 97 87-350 
Comolex (1) 3.3 22 (2) (5)  7.9 325 (21) (30) 184 

4 1 (22) 1 1 (53) 1 1 (57) 

Scream 25 0.3 9.0 31 0.4 2.0 2.8 850 69 124 300 
Sediment (1) (36) (1) (6)  (9) (8) (15) (35) 

Number of Samples 
**( ) Extractable metal content as a proportion of total metal content (96) 



TABLE 19: Extractable Cobalt, Copper and Manganese in Topsoils (0-15 crns) and Stream Sediment in Catchment 4,  
Upper Carboniferous Shales North of Dartmoor (Ranges and Means)  

Origin of 	COBALT (ppm) 	COPPER (ppm) 	 MANGANESE (ppm) 
Samples 	Total Acid NH4Ac 	EDTA- 	Total 	Neutral NH4Ac Acid NH4Ac EDTA- 	Total Neutral NH4Ac Acid NE4  Ac 	EDTA- 

Extractable Extractable 	Extractable Extractable Extractable 	Extractable Extractable Extractable 

Halscw 
Series 
1 * 

5 0.4 
(8)** 

4.9 
(98) 

26 0.7 
(3)  

0.8 
(3) 

9.0 
(35) 

780 28 
(4) 

92 
(12) 

510 
(65) 

Drisford 10-20 0.6-0.7 3.6-14.4 24-28 0.0-0.7 0.4-1.6 5.2-10.2 700-1528 28-175 68-228 226-874 
Series 11,4 0.6 6.5 26.3 0.4 0.9 7.6 1113 70 123 468 
7 (5)  (57) (2) • (3) (29) (6)  (11) (42) 

3 

L-tram 15 0.5 5.1 34.4 1.3 4.1 14.7 1848 55 '168 750 
S=dir-lent (3) (34) (4)  (11) (43) (3) (9) (41) 

Number of Samples 
**( ) Extractable metal content as a proportion of total metal content (%) 



Topsoil 13-30 
pei * 	17.7 

1 

Sediment 30 

Topsoil 10-25 
r2111 	17.5 

2 

Sediment 25 

Topsoil 15-25 

[8] 	17.5 

Sediment 20 

Topsoil 5-20 

[81 	10.6 
4 

Sediment 15 

Topsoil 5-30 
All 	Dg 	15.8 
Catch- 
ments 

Sediment 15-30 
H 	22.5 

TABU', 20: A Summary of Extractable Cobalt, Copper and Manganese Contents of Topsoils (0-15 cms) and Stream Sediments  
on Upper Carboniferous Rocks North of Dartmoor  

atchment Sample 	COBALT (ppm) 	COPPER (ppm) 	 MANGANESE (ppm) 
Total 

	

	 NH4Ac Ac 	EDTA- 	Total Neutral NH4Ac Acid NH4Ac 	EDTA- 	Total 	Neutral NH
4
Ac Acid NH

4
Ac 	EDTA- 

Extractable 
LI, Neutral - 

Extractable Extractable 	Extractable Extractable Extractable 	Extractable Extractable Extractabl- 

N.D.** 1.2-9.6 
3.7 
(21) 

22-74 
39.9 

N.D. N.D. 9.0-20.6 
13.4 
(35) 

200-1000 
569 

N.D. N.D. 124-440 
256 
(45) 

N.D. 11.6 31 N.D. N.D. 15.2 3500 N.D. N.D. 1996 
(39) (49) (57) 

0.2-0.7 2.0-7.0 14-43 0.0-1.6 0.4-1.3 5'.2-14.2 100-1600 25-124 70-200 87-920 
0.4 3.7 25.5 0.9 0.7 9.6 766 76 128 438 
(1).7'." (30) (2) (5) (29) (7) (10) (40) 
5 
0.3 9.0 31 0.4 2.0 2.8 850 69 124 300 
(1) (36) (1) (6) (9) (8) (15) (35) 

0.0-0.6 3.6-9.6 20-28 0.0-0.7 0.4-2.0 6.4-7.6 1000-2000 62-252 96-280 434-834 
0.1 5.2 23.4 0.5 1.2 6.9 1588 106 157 643 
(1) (30) (2) (5) (29) (7) (10) (40) 

0.9 8.2 36 0.4 1.0 2.8 2000 162 219 1102 
(5) (41) (1) (2)' (8) (8) (11) (55) 

0.4-0.7 3.6-14.4 24728 0.0-0.7 0.4-1.6 5.2-10.2 700-1528 28-175 68-228 226-874 
0.6 6.3 26.3 0.5 0.9 7.8 1072 65 119 473 
(6) (59) (2) (3) (30) • (6) (11) (44) 
 0.5 5.1 34.4 1.3 4.1 	. 14.7 1848 55 • 168 750 
(3) (34) (4) (11) (43) (3) . 	(9) (41) 

0.0-0.7 1.2-14.4 14-74 0.0-1.6 0.4-2.0 5.2-20.6 100-2000 25-252 68-280 87-920 
0.4 4.7 28.8 0.6 0.9. 9.4 999 82 135 453 
(2) (30) (2) (3) (33) (18) (13) (45) 
40 40 40 40 .  ' 	40 

0.3-0.9 5.1-11.6 31-36 0.4-1.3 1.0-4.1 2.8-15.2 850-3500 55-162 124-219 300-1996 
0.6 8.5 33.1 0.7 2.4 8.9 2050 95 170 1037 
(3) (38) . 	(2) (7) (27) (5) (8) (51) 
3 	 3 	3 	 3 	3 

[ Number of samples 
	

***( ) Extractable metal content as a proportion of total metal content (%) 
**N.D. Not Determined 
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In Catchment 4 more Co was extracted by acid NH
4Ac and EDTA from the 

Dunsford than from the Halstow topsoils, but the reverse was true for EDTA-

extractable Cu and Mn.- The highest proportions of total Co, Cu and Mn were 

extracted from the Halstow series by all reagents, indicating greater mobility 

of trace elements in the poorly drained compared to the freely drained soil. 

(b) Relationships Between Extractable and Total Soil Metal Contents and  

Plant Uptake of Co, Cu and Mn.  

There were no relationships between extractable Co, Cu and Mn 

contents of topsoils and concentrations in herbage in Catchments 2 and 4, but 

with the combined data for all catchments concentrations of Cu in herbage in 

September were correlated with EDTA-extractable Cu (r = 0.282, p <0.05). 

(c) Soil - Stream Sediment Relationships 

In Catchment 2 acid NH
4
Ac removed similar amounts of Co from top-

soils and stream sediment. Acid and neutral NH4
Ac extractable Mn contents of 

soils and sediment were also similar. Neutral NH
4
Ac removed similar amounts 

of Cu from the Reedy topsoil and the sediment. Acid NH
4
Ac extracted more Cu 

.from the sediment than the soils, but the reverse was true for EDTA-extractable 

Cu. 	EDTA-extractable Co contents of topsoils as a proportion of total Co. 

content were slightly lower than that of the sediment, suggesting the occurrence 

of mobilisation and leaching of Co due to reducing conditions within the catch-

ment, but this did not appear to be the case for Cu and Mn. 

In Catchment 4 the proportion of total Co extracted from the stream 

sediment was smaller than the mean for topsoils, while the proportion of total 

Mn extracted was similar to the mean proportion of the total soil metal contents 

extracted, confirming earlier observations (Horsnail, 1968) that in areas of 

freely drained soils Co and Mn generally occur in the sediment as a result of 

elastic dispersion. However, the extractants removed larger proportions of the 

total Cu content from the sediment than from the topsoils. 

In Catchment 1 proportions of total Co, Cu and Mn extracted from the 

stream sediment were higher than mean proportions extracted from topsoils, 

confirming that mobilisation and leaching of these elements had occurred in 
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the poorly drained soils of this catchment. There was similar evidence for 

some mobilisation and leaching of Co and Mn, but not Cu, in soils of Catch-

ment 3. 

(iii) Lower Carboniferous Rocks, West of Dartmoor. 

A. 	Results of Detailed Profile Investigations  

Six profile pits were examined in the Eastcott catchment. Data 

for three profiles are shown in Table 21 and are summarised for all profiles 

in Table 22. 

(a) Eh, pH and Soil Profile Morphology  

The Dunsford profile on Longham Down was shallow and freely 

drained. Eh readings were positive throughout and pH was relatively constant 

with depth in the profile. 

On the slope the Dunsford profile was imperfectly drained with mottling 

and negative Eh readings at the surface. pH was high (possibly as a result of 

recent liming) and constant with depth in the profile. 

The Reedy profile was poorly drained with mottling to a depth of 32 cms. 

Eh readings were variable. pH decreased slightly from 5.3 in the surface to 

4.6 at the base of the Bg, but increased to 5.3 in the C horizon. 

(b) Mechanical Composition and Organic Matter Content  

Sand contents were variable but there was little difference bet-

week the silt and clay contents of the three topsoils. In the Dunsford series 

organic matter contents decreased with depth in the profile. 	In the Reedy 

profile organic matter contents were similar in the E and Bg horizons but 

considerably lower in the C horizon. 

(c) Total Soil Metal Content 

In the Dunsford profile on Longham Down Co concentrations were 

fairly constant and similar to the Co content of the parent rock. Copper 

concentrations were similar to a depth of 30 cms. decreased to 20 p.p.m. in 

the C horizon and were all slightly lower than the Cu content of the parent 

material. 	Iron distribution was similar to that of Cu, but, apart from in 

the C horizon, soil Fe contents were slightly higher than that of the shale. 



0-5 	-1 	0 	7.5YR4/4 	+200 	6.3 	6.0 	27.2 	4.2 	448 	3.0 	5.0 	194 	,15.0 	6.5 	12.6 	42.0 	23.0 
(sor 	(18) 	(43) 	

N.D.5-10 	0 	7.5YR4/4 	+200 	6.3 	8.0 	27.6 	4.8 	352 	1.1 	5.0 	165 	14.6 	 . 	N.D. 	N.D. 	N.D. 

A 	 (14) 	(18) 	(47) 
10-15 ] o 	7.5YR4/4 	+200 	6.3 	8.4 	30.8 	4.3 	200 	1.7 	5.0 	140 	13.7 	N.D. 	N.D. 	N.D. 	N.D. 

15-20 	0 	7.5YR4/4 	+200 	6.3 	5.0 	28.0 	4.8 	284 	1.1 	5.0 	90 	12.5 	N.D. 	N.D. 	N.D. 	N.D. 

20-30 	B 	0 	7.5YR5/4 	+260 	6.6 	4.8 	33.2 	4.6 	148 	1.7 	4.4 	35 	8.3 	N.D. 	N.D. 	N.D. 	N.D. 

30-40 	C 	0 	7.5YR5/4 	+260 	6.0 	5.0 	20.4 	2.8 	144 	0.8 	3.6 	28 	6.5 	N.D. 	N.D. 	N.D. 	N.D. 

Shale 	R 	' 	- 	- 	- 	6.0 	38.8 	3.6 	144 	- 	- 	- 	- 	- 	- 	- 

0-5 	-1 	2 . 	7.5YR4/2 	-170 	8.0 	16.0 	69.2 	4.2 	1196 	4.5 	27.0 	1092 	20.4 	9.0 	15.8 	38.0 	17.8 

5-10 	A 	2 	7.5YR4/2 	-170 	8.0 	22.4 	76.0 	4.2 	1328 	3.4 	25.0 	910 	15.7 	N.D. 	N.D. 	N.D. 	N.D. 

10-15 j 	2 	7.5YR4/2 	-170 	8.0 	19.0 	73.2 	4.4 	1412 	2.9 	20.3 	950 	10.2 	N.D. 	N.D. 	N.D. 	N.D. 

15-20 	-1 	0 	7.5YR5/4 	+230 	8.4 	19.0 	68.4 	5.2 	972 	2.0 	20.1 	830 	8.9 	N.D. 	N.D. 	N.D. 	N.D. 
B 	 (15) 	(29) 	(85) 

43-50 J 	0 	7.5YR4/6 	+240 	8.2 	19.2 117.6 	5.4 	180 	2.6 	25.0 	72 	7.2 	N.D. 	N.D. 	N.D. 	N.D. 

• 50-70 	C 	0 	7.5YR4/6 	+230 	8.2 	18.0 	47.2 	4.4 	204 	1.3 	9.6 	66 	4.1 	N.D. 	N.D. 	N.D. 	N.D. 

Shale 	R 	- 	 - 	18.0 	46.1 	4.2 	212 	
(7 
- 	.. 	. 	... 	- 

	- 

TABLE 21: Soil Profile Data from the Eastcott Catchment, Lower Carboniferous Rocks  

West of Dartmoor  

0-5 	1 	2 	10YR4/3 	+210 	5.3 	55.2 	132.0 	4.7 	840 	11.2 	69.6 	656 	20.3 	13.5 	20.6 	39.8 	23.0 
E 	 (20) 	.(53) 	(78) 

5-12 	J 	2 	10YR4/3 	-60 	5.3 	58.0 143.2 	6.6 	1132 	10.8 	68.6 	710 	19.0 	N.D. 	N.D. 	N.D. 	N.D. 

12-22 	7 	15 	1OYR4/2 	+50 	5.0 	61.0 136.8 	5.6 	836 	9.5 	67.1 	452 	18.3 	N.D. 	N.D. 	N.D. 	N.D. 
Bg 	 (16) 	(49) 	(54) 

22-32 	J 	s 	10YR4/1 	+120 	4.6 	39.0 113.6 	2.7 	440 	7.6 	52.3 	312 	16.6 	N.D. 	N.D. 	N.D. 	N.D. 

32-50 	C 	0 	 +20 	5.3 	31.2 	74.8 	3.4 	188 	4.7 	32.5 	95 	4.6 	N.D. 	N.D. 	N.D. 	N.D. 

sis(%) 

(20) 	(16) 	(70) 

(22) 	(18) 	(32) 

(35) 	(13) 	(24) 

(16) 	(18) 	(19) 

(28) 	(39) 	(91) 

(15) 	(33) 	(69) 

(15) 	(28) 	(67) 

(14) 	(21) 	(40) 

) 	(20) 	(32) 

(19) 	(48) 	(53) 

(19) 	(46) 	(71) 

4E( ).Extractable metal content as a proportion of total metal content (%). 'N.D. Not Determined 4E( ).Extractable metal content as a proportion of total metal content (%). 'N.D. Not Determined 

(a) Freely Drained Hill Top (Dunsford Series). Slope 1 

(c) Poorly Drained Valley Bottom (Reedy Complex). Slope 0°  



TABLE 22: A Summary of Data for Topsoil$, Subsoils and Rocks from Profile Pits and  
Stream Sediment on Lower Carboniferous Rocks West of Dartmoor.  

   

ELTA-Extractable Metal 	Loss on 
Content (ppm) 	Ignition 

Co 	Cu 	Mn 	(%) 

  

Group of Samples No. of 
samples 

Total Metal Content (ppm) 

Co 	Cu 	Fe(%) 	Mn 

pH Dh(rm.r) 

     

• (a) Topsoils  

Freely Drained Dunsford . 8 
. Series (2)* 

5.0-19.0 27.2-48.0 4.0-4.8 200-940 1.1-3.0 5.0-13.6 90-794 9.3-15.0 5.4-6.3 +200to+250 
11.8 	37.5 	4.4 	998 	1.1 	8.4 	329 	12.4 	5.9 	+230 

(9)** 	(22) 	(33) 

  

Poorly Drained Dunsford 	3 	16.0-22.4 69.2-76.0 4.2-4.4 1196-1412 	2.9-4.5 20.3-27.0 910-1092 10.2-20.4 	8.0 	-170 
Series (1) 	19.1 	72.8 	4.3 	1312 	3.6 	24.1 	964 	15.4 

(19) 	(33) 	(75) 

Tedburn Series (1) 	4 	45.0-51.0 	81.7-107.2 5.3-6.8 	188-1119 	5.3-6.8 	43.0-51.4 	107-710 	18.9-36.3 	6.2-6.9 	+200:0+270 

	

47.0 	95.4 	6.2 	733 	6.1 	46.5 	468 	24.9 	6.6 	+240 
(13) 	(49) 	(64)  

Reedy Complex (2) 	6 	' 28.8-61.0 	86.0-143.2 3.7-6.6 	148-1132 	5.7-11.2 33.1-69.6 	96-710 11.0-20.3 	5.0-5.8 	-60to+210 

	

45.3. 	112-5 	4.8 . 	626 	8.7 	52.5 	435 	16.2 	5.5 	+90 
(19) 	(47) 	(69)  

All Topsoils (6) 	21 	5.0-61.0 	27.2-143.2 3.7-6.8 	148-1412 	1.1-11.2 . 5.0-69.6 	90-1092 	9.3-36.3 	5.0-8.0 	-170to+270 

	

30.8 	79.6 	4.9 	917 	4.9 	32.9 	554 	17.2 	6.5 	+100 • 
(16) 	(41) 	(60)  

(b) Subsoils  

Freely Drained Dunsford 	3 	4.8-18.0 	20.4-38.8 	2.8-4.4 	144-276 	!0.4-2.0 	1.7-6.5 	12-157 	2.6-7.5 	6.0-6.6 	+250to.+300 
Series (2) 	 9.3 	31.2 	3.6 . 	188 	1.1 	3.9 	66 	5.5 	6.2 	+270 

(12) 	(13) 	(35) 

Poorly Drained Dunsford 
Series (1) 

3 18.0-19.2 47.2-117.6 4.4-5.4 180-972 	1.3-2.8 9.6-25.0 66-830 4.1-3.9 8.2-8.4 +230to+240 
18.7 	77.7 	5.0 	452 	2.2 	18.2 	323 	6.7 	8.3 . 	+230 

(12) 	(23) 	(71) 

   

Tedburn Series (1) 	. 16.8-36.0 	56.0-84.0 	2.1-2.5 	48-136 	0.7-2.7 	25.6-37.8 	12-48 	7.1-21.5 	5.5-5.9 	-120to+240 

	

24.9 	65.6 	. 2.3 	84 	1.8 	29.8 	35 	11.9 	5.7 	+110.  
(7) 	(45) 	(42)  

Reedy Complex (2) 	3 	31.2-39.0 74.8-113.6 2.7-5.4 	188-3960 	4.7-7.6 .27.5-52.3 	95-312 	4.6-16.6 	4.6-5.5 	-80=4120 

	

34.1 	94.8 	3.8. 	1529 	5.7 	37.4 	187 	11.4 	5.1 	+20 
(17) 	(39) 	(12)  

All Subsoils (6) 	12 	4.8-39.0 	20.4-117.6 2.1-5,4' 	48-3960 	0.4-7.6 	1.7-52.3 	12.850 	2.6-21.5 	4.6-8.4 	-120to+300 

	

21.8 ' 	67.3 	3.7. . 	563 	2.7 	22.3 	153 	8.9 	6.3 	+150 
(12) 	(33) 	(27) 

(c) Rocks 
	

5 	6.0-31.2 38.8-105.2 2.5-5.8 	48-204 
19.7 	62.5 	3.8 	139 

(d) Stream Sediment 	1 	45 	80 	6.6 	1120 	4.0 	34.0 	590 	3.7 	6.9 	+90 
(9) 	(43) 	(53) 

*( ) Number of profile pits 
**( ) Extractable metal content as a proportion of total metal content (%) 
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Concentrations of Mn decreased from 448 p.p.m. at the surface to 144 p.p.m. 

in the C horizon and showed no depletion in relation to the parent material. 

Concentrations of Co in the Dunsford profile on the slope were higher 

than in the Longham Down profile and remained fairly constant with depth, 

being similar to the Co content of the shale. Copper concentrations were 

similar with the exception of a very high value (118 p.p.m.) between 43 and 

50 cms, not associated with any particular soil features, and were higher 

than the Cu content of the bedrock and the soil up-slope. 	Iron concentrations 

increased slightly in the B horizon in relation to the rest of the profile. 

Manganese contents remained fairly constant to 20 cms. depth, below which 

they decreased and were similar to that of the parent material. 

In the alluvial Reedy profile Co and Cu contents were much higher than 

in the soils upslope. Cobalt concentrations decreased sharply below 22 ems. 

Distribution of Cu, Fe and Mn within the profile followed a similar pattern. 

(d) Extractable Soil Metal Content 

In the Dunsford series on Longham Down proportions of total Co and 

.Mn extracted by EDTA were rather variable, but proportions of Cu extracted 

were fairly constant throughout the profile. 

On the slope the highest proportions of total Co, Cu and Mn were 

extracted from the 0 to 5 cms. region, below which proportions of total Co 

extracted were constant to 50 cms, but decreased in the C horizon. Proportions 

of total Cu and Mn extracted decreased with depth in the profile, associated 

with a decrease in organic matter content. 

In the Reedy soil proportions of total Co, Cu and Mn extracted remained 

fairly constant with depth in the profile. 

(e) Soil - Rock - Stream Sediment Relationships 

Concentrations of Co and Cu in rocks increased fivefold and two-

fold respectively from the hill top to the valley bottom, as a result of the 

change in parent material around mid-slope. 	Iron contents of rocks were 

fairly similar, but Mn concentrations were slightly higher on the slope and 

in the valley than on Longham Down. The very low Mn contents of the rock 
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samples suggest that some were weathered and had been leached of Mn, probably 

due to reducing conditions at the base of the profile pits. Data for soils,' 

rocks and sediments are summarised in Table 22, 	Concentrations of. Co, Cu, . 

Mn and Fe in topsoils were higher than mean rock contents, whereas Co, Cu and 

Fe contents of subsoils were similar to mean rock contents. The mean Mn 

content of subsoils, however, was higher than that of the rocks. 

Concentrations of Co, Mn and Fe in the stream sediment were higher than 

in soils and rocks, but Cu contents were similar in the three media. 

Proportions of total Co, Cu and Mn extracted from topsoils by EDTA were 

higher than proportions extracted from subsoils, corresponding with higher 

organic matter content in topsoils. Proportions of total Co, Cu and Mn 

extracted from the stream sediment were similar to proportions extracted from 

soils. 

B. 	Partial Extraction of Topsoils  

Results of extractions are given in Table 23. 

(a) A Comparison of Extractants.  

Amounts of Co, Cu and Mn were extracted from topsoils in the order 

EDTA > acid NH4Ac 	neutral NH
4
Ac
. 
	The largest proportion of total Co 

extracted by acid NH4Ac came from the Reedy Complex; that extracted by EDTA 

came from the freely drained Dunsford series. 	The relatively low acid 

NH
4
Ac-extractable Co contents of the Dunsford and Tedburn topsoils, compared 

to catchments on Upper Carboniferous shales, may be related to the low Co 

concentrations found in herbage. 

Generally larger proportions of the total Cu and Mn contents were 

extracted from the Reedy topsoil than from the other series. 

(b) Relationships Between Extractable and Total Soil Metal Contents and  

Plant  Uptake of Co2  Cu and Mn.  

There was no relationship between the Co contents of herbage and 

total or extractable soil Co contents. Concentrations of Cu in herbage in 

June were positively correlated with acid NH4
Ac-extractable soil Cu contents 

(r = 0.901, p <0.001). 	Total soil Mn content was positively correlated 



2.5-8.0 
5.2 

0.0-0.4 
0.1 
(2)** 
5 

1.6-2.9 
1.9 
(37) 

20-46 
31.7 

0.0-2.2 
0.6 
(2) 

0.4-1.3 
1.0. 
(3) 

.5.5-11.6 
8.2 
(26) 

360-1000 
601 

11-69 
27 
(4) 

40-142 
68 
(11) 

132-604 
313 
(52) 

12.1-35.6 0.0-0.4 2.9-6.2 44-74 0.4-0.7 1.0-2.0 14.2-22.0 800-1080 41-59 105-121 436-880 
20.1 0.2 4.5 56 0.6 1.5 17.6 948 50 114 714 

(1) (22) (1) (3) (31) (5) ' (12) (75) 
3 

40.0-50.6 0.0-0.1 4.9-6.2 72-120 0.4-1.6 2.4-5.2 27.2-31.0 1304-1515 45-52 118-146 700-1240 
46.3 0.1 5.6 94 1.0 3.7 28.9 1471 48 131 1004 

(0) (12) (1) (4) (31) (3) (9) (68) 
2 

50.2 2.1 9.0 112 0.0 11.2 76.0 '1040 63 380 972 
(4) (18) (10)' (68) (6) (37) (93) 

45 0.5 4.0 80 0.0 5.6 34.0 1120 1 212 590 
(1) (9) (7) (43) (0) (19) (53) 

Freely 
Drained 
Dunsford 
Series 
11 

Poorly 
Drained 
Dunsford 
Series 

Reedy 
Comdex 

Stream 
Sediment 

TABTF 23: Extractable Cobalt, Copper and Manganese in Topsoils (0-15 cms) and Stream Sediment in the Eastcott  
Catchment, Lcwer Carboniferous Rocks West of Dartmoor (Ranges and Means)  

Origin of 
miles  

COBALT (ppm) 	COPPER (ppm) 	 MANGANESE (ppm) 
Total Acid NH4Ac 	EDTA- 	Total 	Neutral NH4Ac Acid NH4Ac 	EDTA- 	Total Neutral NH4Ac Acid NH4Ac 	EDTA- 

Extractable Extractable 	Extractable Extractable Extractable 	Extractable Extractable Extractable 

[] Number of samples 
) Extractable metal content as a proportion of otal metal content (90 
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with concentrations of Mn in herbage in June (r = 0.836, p <0.01). There 

were no other relationships between concentrations of Cu and Mn in herbage 

and total or extractable soil metal contents. 

(c) 	Soil - Stream Sediment Relationship  

Amounts of Co and Cu extracted from the stream sediment by acid 

NH
4
Ac and EDTA were similar to mean extractable Co and Cu contents of topsoils. 

There was no relationship between extractable Mn contents of soils and the 

sediment. 

(iv) Devonian Sandstones in North Devon  

A. 	Results of Detailed Profile Investigations  

Data from selected pits in Catchments 1, 3 and 4 are shown in 

Tile 24, and from all eight pits are summarised in Table 25. 

(a) 	Eh, pH and Soil Profile Morphology  

In Catchment 1 the Kentisbury series showed morphological features 

typical of a well-developed podzol under woodland. 	Eh readings were positive 

throughout and pH was lower than in other catchment soils, increasing slightly 

with depth in the profile. 

The Blackmoor Gate profile was freely drained. Eh was positive through-

out and pH increased slightly with depth in the profile. In the poorly drained 

Chapman series Eh readings were negative to 70 mns. depth. 	pH was slightly 

higher at the surface than below. 	The E horizon was slightly mottled, but 

generally grey-brown colours predominated, indicating reducing conditions and 

heavy gleying. 

The Bodley profile in Catchment 3 was very shallow and freely drained. 

Eh was positive; pH was higher than in the other catchments and remained 

constant with depth in the profile. 

Podzolisation was well-developed in the Ilkerton series in Catchment 4. 

Site drainage was poor, giving negative Eh readings at the surface, but profile 

drainage was moderate below 8 cms. and Eh readings were positive pH was low 

• and increased slightly with depth in the profile. 
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. 

TABLE 24: Soil Profile Data from Catchments 1,  3  and 4, Devonian Sandstones  
in North Devon.  

Depth(ems) Mottles 	Colour 	Eh(mv) 	pH 	Total Metal Content 	EDTA-Extractable 
and 	 (ppm) 	Metal Content 	(ppm) 
Horizon 	(%) 	 Co 	Cu 	Fe(%) 	Mn 	Co 	Cu 	Mn 

Loss on 	Mechanical Analysis(%) 
Ignition Fine 	Coarse Silt Clay 
(1) 	Sand 	Sand 

CATCHMENT 1. (a) Moderately Drained Hill Top (Kentisbury Series). 	Slope 10  

o-4 	L 0 	10YR2/2 	+150 	3.9 	5.6 	14.8 	0.6 	BO 	2.5 „.. 1.4 6 94.7 N.D. N.D. N.D. N.D. 
(45T 	(9) (8) 

4-15 	F/H 0 	5YR2/1 	+230 	3.8 	4.0 	6.8 	0.6 	10 	2.6 	1.5 6 37.4 N.D. N.D. N.D. N.D. 
(65) 	(22) (60) 

15-21 A 0 	10YR2/2 	+270 	4.0 	6.0 	3.2, 0.7 	10 	3.0 	1.4 0 18.9 N.D. N.D. N.D. N.D. 
(50) 	(44) 

21-29 Ea O. 	5YR3/1 	+230 	4.1 	6.0 	2.4 	0.7 	8 	1.5 	1.0 2 5.3 29.8 25.3 24.0 17.0 
(25) 	(42) (25) 

29-39 BFe 0 	5YR2/2 	+280 	4.2 	7.0 	2.8 	6.2 	100 	1.2 	1.1 
(17) 	(39) 

40 
(40) 

7.3 
28.6 25.2 25.0 20.0 

39-59 C 0 	10YR6/3 	+270 	4.3 19.0 	5.6 	4.2 	168 	1.4 	1.0 12 4.2 
(7) 	(18) (7) 

Sandstone R - 	- 	- 	22.8 	10.6 	4.2 	475 	- 	- - 
(b) Freely Drained Hill Slope (Blackmoor Gate Series). 	Slope 5°  

0-10.1 0 	7.5YR4/2 	+180 	'5.4 	12.4 	14.8 	2.5 	500 	2.2 	7.0 458 17.0 21.0 13.2 37.4 23.0 
A (18) 	(47) (92) 

10-20j 0 	7.5YR4/2 	+180 	5.4 	8.0 	11.6 	2.5 	568 	4.5 	9.0 485 11.3 N.D. N.D. N.D. N.D. 
(56) 	(78) (85) 

20-35 B 0 	7.5YR4/2 	+200 	5.5 	11.2 	13.2 	2.8 	280 	4.1 	8.6 207 7.5 N.D. N.D. N.D. N.D. 
(37) 	(65) (74) 

35-50 C 0 	7.5YR5/4 	+230 	5.9 	13.6 	14.8 	2.9 	220 	3.7 	6.1 185 3.3 N.D. N.D. N.D. N.D. 
(27) 	(.41) (84) 

Sandstone R - 	 - 	24.4 	8.0 	3.1 	480 	- 	- - - 

(c) Poorly Drained Valley Bottom (Chapman Series). 	Slope 1°  

0-10 1 5 	10YR4/3 	-20 	5.9 	8.8 	22.8 	2.0 	92 	5.2 	15.0 86 21.4 13.2 20.5 37.0 24.6 
E (59) 	(66) (93) 

10-20i 7 	10YR4/3 	-40 	5.3 	7.2 	28.8 	1.5 	82 	3.4 	16.8 80 14.2 N.D. N.D. N.D. N.D. 
(47) 	(58) (98) 

30-401 0 	10YR4/3 	-20 	5.1 	.4.0 	72.0 	0.9 	16 	2.1 	32.1 10 50.0 N.D. N.D. N.D. N.D. 
Bg (53) 	(45) (63) 

40-50j 0 	10YR4/3 	-60 	5.2 	6.4 	90.0 	0.9 	52 	2.5 	28.6 21 34.4 N.D. N.D. N.D. N.D. 
(39) 	(32) (40) 

70-90 Cg 0 	10YR5/2 	+40 	5.2 	6.8 	42.0 	0.8 	17 	2.4 	11.5 15 3.5 N.D. N.D. N.D. N.D. 
(35) 	(27) (88) 

Sandstone R - 	29.6 	44.0 	3.6 	304 	_ 	_ - _ _ 

CATCHMENT 3. Freely Drained Hill Top (Bodley Series): 	Slope r 

0-10 1 0 	7.5YR5/4 	+70 	6.4 	11.8 	27.2 	3.2 	1312 	3.7 	7.6 870 8.51 
A (31) 	(28) (66) 17.6 24.1 26.7 19.5 

10-20j 0 	7.5YR5/4 	+70 	6.4 	13.2 	28.0 	3.4 	1452 	7.9 	9.8 1230 4.9] 
(60) 	(35) (85) 

20-30 B/C 0 	7.5YR5/4 	+80 	6.6 	14.0 	24.0 	3.1 1288 	5.6 	7.6 1085 4.8 N.D. N.D. N.D. N.D. 
(40) 	(32) (84) 

Sandstone R - 	- 	- 	- 	28.0 	15.2 	3.8 	764 	- 	- , 	- •■•■ 

CATCHMENT 4. Moderately Drained Hill Top (Ilkerton Series). 	Slope 0°  

0-4 	0 0 	5YR2/1 	-30 	3.6 	4.0 	13.2 	0.7 	48 	3.7 	10.2 40 70.2 N.D. N.D. N.D. N.D. 
(93) 	(77) (83) 

4-8 	A 0 	' 	5YR2/1 	-50 	3.7 	3.0 	8.2 	0.4 	9 	2.2 	7.0 8 35.2 N.D. N.D. N.D. N.D. 
(73) 	(85) (89) 

8-17 	Ea 0 	7.5YR4/2 	+240 	3.7 	3.0 	1.6 	0.5 	3 	2.2 	1.0 2 7.3 26.8 29.8 18.0 12.0 
(73) 	(63) (67) 

17-181 0 	2.5YR4/8 	+240 	4.0 	13.6 	2.0 	9.6 	120 	2.8 	1.6 60 10.91 
(21) 	(80) (50) 19.3 26.8 25.8 19.8 

18-36 je  0 	7.5YR5/8 	+290 	4.1 	4.0 	6.0 	8.1 	96 	2.3 	1.6 
(58) 	(27) 

85 
(89) 

6.4j 

36-46 1 2 	10YR5/6 	+270 	4.2 	4.8 	8.8 	3.6 	68 	1.7 	2.0 25 3.5 N.D. N.D. N.D. U.D. 
Cg (35) 	(23) (37) 

46-56 J 2 	10YR5/6 	+270 	4.2 	30.4 	8.8 	2.8 	80 	2.3 	2.4 25 3.1 N.D. N.D. N.D. N.D. 
(8) 	(27) (31) 

Sandstone R - 	16.0 	5.2 	2.8 	148 	- 	- - ■••• 

) Extractable metal content as a proportion of total metal content (%).%4N.D. Not Determined 



16-82 
34 

10-70 
24 
(71) 

0.6-2.5 1.5-32.1 
1.8 	13.0 
(31) 	(35) 

' Chapman Series (2) 2.3-50.0 3.8-5.2 -60t0+280 
15.4 	4.9 	+80 

6 	4.0-7.2 	5.2-90.0 	0.8-1.7 
5.8 	36.9 	1.3 

10-1085 
274 
(78) 

All Subsoils (7) 16-1288 0.6-5.6 1.0-32.1 
350 	3.0 	6.3 

(27) 	(36) 

2.3-50.0 3.8-6.5 -60t,_)+290 
7.7 	5.2 	.+170 

19 	4.0-30.4 2.0-90.0 0.5-8.1 
11.1 	17.7 	2.9 

100-764 
343 

(c) Pocks 8 16.0-29.6 4.8-44.0 2.8-6.4 
24.0 	15 5 	4 0  

492-936 
675 

1.6-7.6 4.1-12.9 
3.6 	6.8 
(30) 	(33) 

79-660 1.6-4.0 4.0-6.1 +70to+180 
360 	2.7 	5.1 	+120 
(53) 

(d) Stream Sediments 	4 	10.0-16.5 5.0-54.0 	0.8-4.1 
12.0 	20.8 	2.5 

TABLE 25: A Summary of Data for Topsoils, Subsoils and Rocks from Profile Pits, and Stream Sediments 
on Devonian Sandstones in North Devon.' 

Group of Samples No, of 	Total Metal Content 	(ppm) 	EDTA-Extractable Metal Content Loss on 
Samples Co 	Cu 	Fe(%) 	Mn 	(ppm) . 	Ignition 

Co 	Cu 	Mn 	(5) 

Eh(mv) 

(a) Topsoils  

Yentisbury Series (2)a 	7 	3.0-6.0 	2.0-14.8 ' 0.6-0.7 	8-340 	1.5-3.0 1.0-5.4 	0-322 	2.9-94.7 3.8-5.6 -20to+280 
4.9 	6.2 	0.6 	110 	2.3 	2.0 	92 	28.3 	4.7 	+130 

(47)" 	(32)' 	(84) 

Ilkerton Series (1) 	3 	3.0-4.0 	1.6-13.2 	0.4-0.7 	3-48 	2.2-3..7 1.0-10.2 	2-40 	7.3-70.2 3.6-3.7 -50to+240 
3.3 	7.7 	0.5 	20 	2.7 	6.1 	17 	37.6 	3.7 	+5'.) 

(82) 	(79) 	(85) 

Blackmoor Gate Series (1) 	2 	8.0-12.4 11.6-14.8 	2.5 	500-568 	2.2-4.5 7.0-9.0 	458-485 	11.3-17.0 	5.4 	+180. 
10.2 	13.2 	534 	3.4 	8.0 	472 	14.2 

(33) 	(61) 	(88) 

Godley Series (1) 	2 	11.8-13.2 27.2-28.0 	3.2-3.4 	312-1452 3.7-7.9 7.6-9.8 	870-1230 	4.9-8.5 	6.4 	+70 
12.5 	27.6 	3.3 	1382 	5.8 	8.7 	1050 	6.7 

(46) 	(32) 	(76) 

Chapman Series (2) 	3 	7.2-8.8 	8.0-28.8 	1.5-2.0 	82-100 	3.0-5.2 5.0-16.8 	80-94 	11.9-21.4 4.5-5.9 -40to+300 

	

8.0 	19.9 	1.8 	91 	3.9 	12.3 	87 	15.8 	5.2 	+80 
(49) 	(62) 	(96)  

All Topsoils (7) 	17 	3.0-13.2 1.6-28.8. .0.4-3.4 	3-1452 1.5-7.9 1.0-16.8 	0-1230 	2.9-70.2 3.6-6.4 -20to+300 

	

7.8 	14.9 	1.7 	427 	3.6 	7.4 	344 	20.5 	5.1 	+103 
(46) 	(50) 	(81) 

(b) Subsoils  

'Kentisbury Series (2) 	6 	7.0-19.0 4.0-11.4 	0.5-6.2 	28-168 	0.6-2.3 1.0-2.4 	10-40 	3.8-8.2 	4.2-5.1 +140to+28C 
. .• 	 10.3 	7.1 	3.4' 	89 ' 	1.6 	1.6 	. 	18 	6.0 	. 4.7 	+220 

(16) 	(23) V 	(20) 

Ilkerton Series (1) 	4.0-30. 	2.0-8.8 	0.6-8.1 

	

13.2 	6.4 	3.8 

Blackmoor Gate Series (1) 	2 	11.2-13.6 13.2-14.8 	2.8-2.9 

	

12.4 	14.0 	2.9 

Godley Series (1) 	1 	14.0 	24.0 	3.1 

	

68-120 1.7-2.8 1.6-2.4 25-85 
	

3.1-10.9 4.0-4.2 +2403o+290 

	

91 	2.3 	1.9 
	

49 
	

6.0 	4.1 	+273 
(17) 	(30) 

	
' (54) 

220-280 3.7-4.1 6.1-8.6 185-207 3.3-7.5 5.5-5.9 +2003r+230 

	

250 	3.9 	7.4 	195 	- 	5.4 	5.7 	+227 
(31) 	(53) 	(78) 

	

1288 	5.6 	7.6 	1085 	4.8 	6.6 	+60 
.(40) 	(32) 	(84) 

fr( ) Number of Soil Profiles 
"( ) Extractable metal content as a proportion of total metal 

. content (%) 
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(b) Mechanical Com osition and Or anic Matter Content  

In the Kentisbury profile mechanical composition of the Ea horizon 

was similar to that of the combined B
Fe and C horizons. The Blackmoor Gate 

and Chapman series contained similar amounts of sand, silt and clay in the 

surface horizon. 

In the Bodley profile the sand content of the surface horizon was higher 

than that of the Blackmoor Gate, the silt content was lower and clay content 

similar. In the Ilkerton profile there appeared to have been eluviation of 

fine particles from the Ea horizon. 

Both podzol profiles had organic surface horizons below which organic 

matter content decreased. There was some enrichment of organic matter in the 

iron pan. 	The organic matter content of the Bodley series was lower than in 

corresponding horizons of other series but distribution was similar to the 

Blackmoor Gate. 	In the Chapman profile the highest organic matter content 

was in the Bg horizon. 

(c) Total Soil Metal Content 

In the Kentisbury profile Co concentrations were uniformly low to 

a depth of 39 ems. and increased to 19 p.p.m. in the C horizon, which was 

similar to the Co content of the underlying sandstone. 	Copper concentrations 

showed some enrichment in the litter layer, probably due to accumulation in 

plant debris, were low in the Ea and B
Fe 

horizons and increased to 6 p.p.m, in 

the C horizon. There was a sharp increase in Fe concentration in the iron pan 

compared to the upper horizons. There was some Mn accumulation in the litter 

layer, below which Mn contents were very low and although they increased to 

100 p.p.m. in the iron pan and 168 p.p.m. in the C horizon, Mn concentrations 

were considerably lower than that in the parent material. 	There appeared to 

be overall loss of trace elements from the profile, probably due to leaching 

in acid groundwater. 

In the Blackmoor. Gate profile Co and Cu concentrations'showed a slight 

decrease in the lower part of the A horizon corresponding with a decrease in 

organic matter content. 	The Co contents of the soil were lower than that of 
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the sandstone. 	Iron concentrations increased slightly from 2.5% in the 

surface to 2.9% at the base of the profile, but Mn concentrations decreased 

from 500 p.p.m. in the topsoil to 220 p.p.m. in the C horizon. 

Cobalt, iron and manganese showed overall depletion in the Chapman 

profile in relation to the parent material. Copper contents indicated 

accumulation in the Bg horizon associated with high organic matter contents. 

Concentrations of Co were uniformly low in the Ilkerton profile with 

the exception of the iron pan and the bottom of the C horizon. The highest Cu 

concentration occurred in the surface horizon; Cu concentrations in the Ea 

horizon and the iron pan were lower than the Cu content of the bedrock. The 

highest Fe content was in the iron pan and the upper part of the profile was 

depleted in Fe in relation to the parent material°  The highest Mn content 

was noted in the iron pan and the whole profile was depleted in Mn in relation 

to the parent rock. 

Concentrations of Co in the Bodley profile increased slightly with 

depth in the profile and showed depletion relative to the parent material. 

Concentrations of Cu and Mn were slightly lower in the B/C than in the A 

horizon. Iron contents were constant with depth and similar to that of the 

parent material. 

(d) 	Extractable Soil Metal Content  

The highest proportions of total soil Co content were extracted 

by EDTA from the organic surface horizons of the Kentisbury profile. Proporticac 

of total Cu and Mn contents extracted showed considerable variation. In the 

Blackmoor Gate profile the highest EDTA-extractable Co and Cu contents 

occurred between 10 and 35 cros. but the largest amounts of Mn were extracted 

from the A horizon. In the Chapman series extractable Co and Mn contents 

were higher in the E horizon than below, but the highest EDTA-extractable Cu 

contents occurred in the Bg horizon, associated with relatively high organic 

matter contents. 

In the Bodley profile EDTA-extractable Co and Mn contents were lower 

in the surface than below; extractable Cu remained fairly constant with depth 

in the profile. 	 • 
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In the Ilkerton profile extractable Co contents were fairly constant 

with depth and similartocortents in the Kentisbury series. In the iron pan and 

the base of the profile extractable Co contents as proportions of total soil Co 

content were lower than in the rest of the profile. Proportions of total Cu 

extracted remained fairly constant to a depth of 18 ems. but decreased sharply 

below. Extractable Mn contents were highest in the BFe 
horizon and were very 

low in the A and Ea horizons. 

(e) 	Soil - Rock - Stream Sediment Relationships  

Mean concentrations of Co and Fe in rocks were higher than mean 

contents of topsoils and subsoils. The mean rock Cu content was similar to 

overall mean Cu contents of topsoils and subsoils and concentrations in the 

Blackmoor Gate series, but was considerably higher than Cu contents of the 

podzols and lower than Cu concentrations in the Bodley and Chapman series. 

The mean Mn content of rocks was higher than concentrations in soils of the 

Kentisbury, Ilkerton and Chapman series and Blackmoor Gate subsoil, but lower 

than Mn contents of the Bodley series and the Blackmoor Gate topsoil. These 

results indicate that there is overall loss of Co and Fe from all series; mean 

Cu contents indicated depletion in the Ilkerton and Kentisbury podzols and 

mean Mn concentrations showed depletion in the podzols and the gleyed Chapman 

series compared to concentrations in the parent material. Depletion of the 

podzols is probably due partly to the podzolisation process and partly to 

leaching of trace elements from the profile by acid groundwater, whereas Mn 

depletion in the Chapman series is probably the result of leaching under 

reducing conditions due to poor soil drainage. 

Mean Co and Fe contents of stream sediments were similar to concentrations 

in soils, but lower than mean rock contents. The overall mean Cu and Mn 

contents of sediments were higher than mean concentrations in rocks and soils. 

Proportions of total Co, Cu and Mn extracted from topsoils were higher 

than proportions extr Led from subsoils and the stream sediment, associated 

with higher organic 1 . ter contents in topsoils. 
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B. 	Partial Extraction of Topsoils 

Results of extractions of topsoils from Catchment 1 are given in 

Table 26, and summarised for all catchments in Table 27. 

(a) A Comparison of  Extractants  

In Catchment 1 acid NH
4
Ac extracted more Co and Mn from the Kentis-

bury topsoil than EDTA, but in general EDTA-extractable Co, Cu and Mn contents 

of topsoils were higher than those for acid or neutral NH4Ac. The highest 

proportions of total Co and Mn were extracted from the Blackmoor Gate topsoil 

and the highest proportion of Cu was extracted from the Kentisbury series by 

EDTA. 

(b) Relationships Between Total and Extractable Soil Metal Contents and  

Plant Uptake of Co, Cu and Mn.  

Tn Catchment 1 extractable Co, Cu and Mn contents of topsoils were 

not related to concentrations in herbage. When the data for all catchments 

were combined acid NH4
Ac and EDTA appeared to extract amounts of Cu from top-

soils related to concentrations of Cu in herbage in September (r = 0.749 and 

0.751 respectively; p <::0.01). 

(c) Soil - Stream Sediment Relationships  

In one of the catchments studied (1) the extractable Co, Cu and 

Mn contents of the stream sediment were fairly similar to mean extractable 

topsoil contents, but in the other catchments there was no apparent relation-

ship. 

In Catchments 1 and 4 proportions of total Mn extracted by EDTA from 

the stream sediment were higher than proportions extracted from topsoils, 

suggesting Mn has undergone mobilisation and leaching. This would seem 

particularly important in Catchment 4, where the total Mn content of the sedi-

ment was considerably higher than concentrations in topsoils. In general, 

however, proportions of total metal content extracted from sediments were 

similar to or lower than proportions extracted from topsoils. 



TABLE 26: Extractable Cobalt, Copper and Manganese in Topsoils (0-15 curs) and Stream Sediment in Catchment 1,  
Devonian Sandstones in North Devon (Ranges and Means)  

Origin of 	COBALT(ppm) 	COPPER (ppm) 	 MANGANESE (ppm) 
Samples 	Total Acid NH4Ac 	EDTA- 	Total Neutral NH4Ac Acid NH4Ac 	EDTA- ' Total Neutral NH4Ac Acid NH4Ac EDTA- Extractable Extractable 	Extractable Extractable Extractable 	Extractable Extractable Extractable 

Kentisbury 	5 
Series 
[31 

0.5 
(10)** 

1. 

0.2 
(4) 

2-4 
3.3 

0.0-0.4 
0.1 
(3) 

0.4-0.6 
0.5 
(15) 
2 

1.6-3.8 
2.7 
(82) 

12-40 
21 

0-4 
3 

(14) 

4-25 
15 
(71) 
2 

4-20 
9 
(43) 

Blackmoor 	5-10 0.0-0.7 1.6-2.9 10-20 0.0-0.7 0.4-1.6 3.8-9.0 260-820 28-48 62-132 130-480 
Gate Series 	5.6 0.2 2.3 14.8 0.5 0.9 6.8 590 37 88 330 
[8] (4) (41) (3) (6) (46) (6)  (15) (56) 

6 

Chapman 	2.5-15.0 0.9-2.9 17-31 0.4-1.1 1.3-2.4 9.0-18.0 216-252 24-76 46-144 80-180 
Series 	6.9 0.5 1.6 23.2 0.7 1.9 13.9 226 42 84 115 

- 	(7) (23) (3) (8)  (60) (19) (37) (51) 
1 

Stream. 	10 0.4 2.2 12 0.0 1.6 5.6 512 35 61 302 
Sediment (4) (22) (13) (47) (7)  (12) (59) 

*E] Number of samples 
**(' ) Extractable metal content as a proportion of total metal content (%) 



Topsoil 2.5- 
[4]* 15.0 

5.8 
1 

Sediment 10 

Topsoil 3.2- 
[10] 	17.6 

2 	10.1 

Sediment 11 

Topsoil 12.8- 
NI 	20.8 

3 	15.7 

Sediment 10.4 

Topsoil 1.4- 

[e] 	5.2 

4 	3.1 

Sediment 16.5 

All 	. Topsoil 1.4- 
[37] 	20.8 

Catch- 	8.7 

meats 	Sediment 10.0- 

[L] 	16.5 
12.0 

TABLE 27: A Sunnary of Extractable Cobalt, Copper and Manganese Contents of Topsoils (0-15 cms) and Stream 
Sediments on Devonian Sandstones in North Devon  

Catchment Sample 	COBALT (ppm) 	 COPPER (ppm) 	 MANGANESE (ppm) 
Total Acid NH4Ac 	

EDTA- 	Total Neutral NH4
Ac Acid NH4Ac 	

EDTA- 	Total 	Neutral NH4
Ac Acid NHu  Ac 	EDTA- , 

Extractable Extractable 	Extractable Extractable Extractable 	Extractable Extractable Extractable 

0.0-0.7 
0.3 
(5)** 
8 

0.2-2.9 
2.4 
(41) 

2-31 
14.8 

0.0-1.1 
0.5 
(3) 

0.4-2.4 
1.1 
(7) 

1.6-18.0 
7.8 
(53) 

12-820 
379 

0-76 
31 
(8) 

4-144 
71 
(19) 

4-480 
209 
(55) 

0.4 2.2 12 0.0 1.6 5.6 512 35 61 302 
(4) (22) (13) (47) (7) (12) (59) 

N.D.:." 0.9-6.8 6-25 N.D. N.D. 5.2-11.6 208-1536 N.D. N.D. 144-1000 
4.0 14.5 8.2 789 544 
(40) (57) (69) 

N.D. 3.1 54 N.D. N.D. 12.9 492 N.D. N.D. 398 
(28) (24) (83.) 

N.D. 3.6-7.6 20-27 N.D. N.D. 9.0-12.8 944-1520 N.D. N.D. 934-1006 
5.4 22.8 10.0 1211 970 
(34) (44) (80) 

N.D. 1.6 12 N.D. N.D. 4.1 760 N.D. N.D. 79 
(15) (34) (10) 

0.0-1.2 0.2-2.9 4-9 0.4-4.0 • 0.4-10.0 2.6-5.2 12-272 0-35 5-24 10-34 
0.5 1.7 6.8 1.0 1.6 4.3 67 9 11 77 
(16) (55) (15)• (24) (63) (13) (16) (25) 
7 

3.8 7.6 5 1.1 0.4 4.6 936 72 188 660 
(23) (46) (20) (8) (92) (8) (20) (71) 

0.0-1.2 0.2-7.6 2-31 0.0-4.0 4).4-10.0 1.6-18.0 12-1536 0-76 4-144 471.1 06 
0.4 3.4 14.7 0.8 1.4 7.6 612 20 41 
(5) (39) (5) (10) (52) (3) (7 	) (71) 

0.4-3.8 1.6-7.6 5-54 0.0-1.1 0.4-1.6 4.1-12.9 492-936 35-72 61-188 79-660 
2.1 3.6 20.8 0.6 1.0 6.8 675 54 125 360 
(18) (30) (3) (5) (33) (8) (19) (53) 
2 2 2 2 2 

* [] Number of Samples **( ) Extractable metal content as a proportion of total metal content (%) ":,N.D. Not Determined 
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3. 	DISCUSSION  

The results are discussed in relation to the geologically defined 

study areas. 

Devonian Slates,East of Dartmoor  

In one High Week profile located on a hill top, Co, Mn and Fe 

showed accumulation in the B/C horizon in relation to the parent material, but 

this was not found when the High Week series occurred at the base of the slope. 

This could be the result of incipient podzolisation, which is thought may 

occur in this soil (Clayden, 1964a). 	In the hill top profile the organic 

matter content of the surface horizon was quite high and there may have been 

redistribution of trace elements in the profile in complex form with organic 

compounds leached from the soil organic matter or, more likely, from leaves 

of trees when the field was under woodland as found by Davies (1970). 

Larger proportions of total Mn were extracted from the B than from the 

A horizon of the Dartington series, possibly due to the increased clay content 

of the subsoil, which would increase the size of the exchange complex. The 

larger clay fraction of the Pulsford topsoil compared to the High Week and 

Dartington series indicated increased weathering of the parent material, as 

suggested by Harrod (pers.comm.1970). Larger proportions of total Co, Cu and 

Mn were extracted from the Pulsford than from the brown earths, indicating the 

greater mobility of these elements in poorly drained soils, and confirming 

earlier work (Mitchell, 1957a). 	The large proportions of total Cu and En 

extracted from the Pulsford subsoil were associated with relatively high soil 

organic matter contents, probably due to reduced rate of decay under anaerobic 

conditions prevalent in this soil, as found by Russell (1961). 

The low total Mn and Fe contents of the Bg and Cg horizons of the 

Pulsford were probably the result of leaching under reducing conditions and 

possibly increased weathering of soil minerals at depth in the profile. Also 

increased weathering of the parent material may have led to the release of 

trace elements and increased Co, Cu,Mn and Fe depletion in the Pulsford soil 

compared to the freely drained soils. 
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Concentrations of Co, Cu, Mn and Fe in slate samples were similar 

within the area studied, indicating that differences between trace element 

contents of soils are caused by environmental rather than geological factors. 

As a result of poor soil drainage the Pulsford series was depleted in Co, Cu, 

Mn and Fe in relation to the parent material in contrast to the freely drained 

High Week and Dartington series. Manganese was enriched in all surface soils, 

probably due to recycling by plants. The enrichment of Mn in the stream 

sediment in Catchment 1 compared to that in topsoils and parent material, and 

the relatively large proportions of total Mn extracted from the sediment 

confirmed that there was mobilisation and leaching of Mn from the poorly drained 

Pulsford under reducing conditions, resulting in precipitation of Mn in the 

stream sediment. 

(ii) 	Upper Carboniferous Rocks,North of'Dartmoor  

Although Eh readings were generally positive in the Halstow series 

the soil was mottled and thought to be subject to periodic water-logging. Also 

the severe depletion of Mn in the subsoil compared to the parent material 

indicated leaching had occurred under reducing conditions. 	The decrease in 

total Mn and EDTA-extractable Mn and Cu with depth in one profile studied was 

associated with a decrease in organic matter content. Unlike other soils on 

Upper Carboniferous rocks, a larger proportion of total Mn was extracted by 

EDTA from the Halstow subsoil than from the topsoil, possibly due to the larger 

clay content of the subsoil. 	The Halstow and Dunsford series showed surface 

enrichment of Mn, but this was less marked in the poorly drained Tedburn and 

Reedy soils where leaching occurred. 

The Tedburn series showed Cu and Fe enrichment in the topsoil in 

relation to the parent material, associated with quite high organic matter 

contents. Decrease in EDTA-extractable Cu and Mn contents with depth in 

profiles of the Tedburn and Reedy soils tended to be associated with a decrease 

inorganic matter content. The higher clay content of the Reedy Complex top-

soil compared to that of other series suggested weathering of the parent 

material is more intense in the poorly drained area near streams than in other 

better drained parts of a catchment. 
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The wide range of concentrations of the trace elements studied and 

generally low Mn concentrations found in rock samples suggest that in some 

cases samples of varying degrees of weathering had been collected, probably 

leached under reducing conditions at the base of the profile. In other pro-

files oxidising conditions appeared to have led to Fe enrichment of subsoils 

compared to the parent material by precipitation of Fe, leached from the 

gleyed topsoil, as discrete mottles. 

Stream sediments were enriched in Fe and Mn in relation to mean con- 

tents of soils and rocks, indicating that leaching of these elements from soils 

under reducing conditions is frequent in these soils, particularly where they 

are derived from Upper Carboniferous shales. In the present study mean total 

Mn and Fe contents of stream sediments (2050 p.p.m. Mn; 7.7% Fe) were higher 

than those found in previous studies (Horsnail, 1968 - 1028 p.p.m. Mn; 3.5% Fe). 

This may be the result of sampling at different times of the year - in winter 

during the present study, but in summer in previous work. In winter soils are 

more likely to become waterlogged, leading to the development of reducing 

conditions and subsequent mobilisation and leaching of Mn and Fe from soils, 

followed by precipitation in stream sediments. This phenomenon was noted in 

the case of Mn by other workers (Butt, pers.comm.1968; Young, pers.comm.1969). 

In Catchment 1 where poorly drained soils predominated proportions of 

total Co and Mn extracted from the stream sediment were larger than those 

extracted from topsoils, indicating the occurrence of mobilisation and leaching 

of these elements from the catchment soils as suggested by Horsnail (1968), and 

associated with enrichment of Co and Mn in the sediment in relation to mean 

topsoil contents. There was similar evidence for mobilisation and leaching 

of Co from soils in Catchment 2, and of Co and Mn from soils in Catchment 3. 

Concentrations of Cu in herbage in September were correlated with EDTA- 

extractable Cu contents of topsoils. 	The latter were similar to those found 

in other areas studied and therefore it was not possible to explain low Cu 

concentrations in herbage (particularly in June) in terms of low extractable 

soil Cu contents, 
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(iii) Lower Carboniferous Rocks,West of Dartmoor  

Concentrations of Co and Mn were low in soil and rocks on Longham 

Down, confirming that the freely drained soil was derived from shales of low 

trace element content. In the imperfectly drained Dunsford profile on the 

slope below Longham Down the total Cu content of the 43 to 50 ems. layer was 

very high but was not associated with high soil organic matter content. It 

was not possible to explain this high Cu content in terms of specific soil 

features. 

Concentrations of Mn in shale samples were generally low in the Eastcott 

catchment and it is likely that samples from poorly drained profile pits had 

been subject to weathering and leaching particularly since low Mn concentrations 

were found in the deeper soil horizons. EDTA-extractable Co, Cu and Mn 

contents decreased with depth in soils associated with decreases in soil organic 

matter content, as in the other areas studied. 

(iv) Devonian Sandstones in North Devon  

Podzolisation in the Ilkerton and Kentisbury series had resulted 

in redistribution of trace elements in the profile associated with the iron 

pan, so that the surface horizons were depleted in relation to the parent 

material. However, there also appeared to have been losses from the profile, 

probably due to leaching by acid groundwater. Cobalt and Cu, unlike Mn, did 

not show accumulation in the iron pan of the Kentisbury series. However, in 

the Merton series Co and Mn showed accumulation in the iron pan, but Cu 

accumulation occurred immediately below the pan. Copper was enriched in the 

litter layer of both podzols and Mn showed enrichment in the surface of the 

Kentisbury series, probably due to accumulation in plant remains. 

In the Chapman series reducing conditions and leaching apparently 

resulted in depletion of Co, Fe and Mn in the soil in relation to the parent 

material. However, the high organic matter contents of the Bg and Cg horizons 

led to Cu accumulation in the profile. Depletion of Co in the Blackmoor Gate 

series in relation to the sandstone may be the result of incipient podzolis-

ation and/or leaching in acid groundwater before the soil was cultivated. 
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The organic matter content of the soil was relatively high, probably because 

the land was under woodland until fairly recently. 

Concentrations of Mn were higher in the surface than the subsoil. 

The Bodley series was depleted in Co but enriched in Mn and Cu in 

relation to the sandstone. This could be due to accumulation in plant material 

or, possibly, basic.slag applications. 

The soils on the sandstones were generally depleted in Co and Fe; Cu 

showed depletion in the podzols and Mn was depleted in podzols and gleyed soil 

in relation to the mean content of the sandstones. Trace element contents of 

stream sediments did not reflect the low concentrations of Co, Cu, Mn and Fe 

in the podzols. 
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4. 	SUMMARY 

(i) 	Interpretation of Stream Sediment Data 

A. 	New Evidence  

(a) On Upper Carboniferous rocks north of Dartmoor larger proportions of 

total Co, Cu or Mn were extracted from stream sediments than topsoils in 

catchments where the trace element concerned showed enrichment in the sediment 

compared to the mean total content of topsoils. It is suggested that partial 

extraction of stream sediments and comparison with topsoils may be used to 

confirm areas where secondary environmental factors, particularly poor soil 

drainage, are influencing the soil - stream sediment relationship. 

(b) Concentrations of Co, Cu, Fe and Mn in stream sediments on Devonian 

sandstones in north Devon do not show up either the differences between soil 

series, i.e. 1) depletion of trace elements in podzols of the Kentisbury and 

Ilkerton series and 2) low concentrations of Co, Mn and Fe in the Chapman 

series, or depletion of Co in all soils in relation to the mean Co content 

of the parent material. 

B. 	Confirmation of Previous Studies  

(a) Enrichment of Mn in stream sediments on Devonian slates east of Dart- 

moor, in relation to Mn concentrations in topsoils, is relatively unusual and 

is the result of mobilisation and leaching of Mn from soils of the Pulsford 

series. 

(b) On Lower Carboniferous rocks west of Dartmoor, in the Eastcott catch- 

ment, concentrations of Co, Mn and Fe were higher in the stream sediment than 

mean topsoil contents. Variations in trace element contents df topsoils 

within the catchment are the result of heterogeneous geology. 

(ii) Variations in Co, Cu, Mn and Fe Contents Within and Between Soils. 

A. 	Soils Derived from Devonian Slates,East of Dartmoor  

(a) It is suggested that redistribution of Co and Mn may occur in soils of 

the High Week series, located on hill tops, as a result of incipient podzol-

isation. 

(b) Surface enrichment of Mn was noted in all soils. 
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(c) The Pulsford soil showed depletion of to and Mn throughout the profile, 

and of Fe in the subsoil, in relation to concentrations in the Dartington and 

High Week soils and in the underlying slate. 

(d) It was confirmed (using partial extractants) that Co, Cu and Mn are 

more mobile in the poorly drained Pulsford than in the High Week and Dartington 

soils. 

(e) Increased weathering of the slate in poorly drained sites may have con-

tributed to trace element depletion of the Pulsford series. 

(f) The organic matter content of the Pulsford soil was higher than that 

of the brown earths, particularly in the subsoil. 

	

B. 	Soils Derived from Upper Carboniferous Rocks,North of Dartmoor  

(a) Manganese showed enrichment in topsoils of the Halstow, Reedy and Duns-

ford series in relation to subsoils and th parent material. 

(b) In the Tedburn and Reedy soils drainage conditions improved with depth 

in the profile, associated with positive Eh readings, heavy orange mottling 

and, in the Reedy profile, higher total Fe contents in the subsoil compared 

to the topsoil. 

	

. (c) 	Proportions of total Co, Cu and Mn extracted by EDTA from topsoils, and 

associated with higher organic matter contents, were larger than those ex-

tracted from subsoils, with the exception of Mn in the Halstow series. 

(d) There appeared to be increased weathering of the parent material under-

lying poorly drained soils adjacent to streams compared to upslope sites. 

(e) Mobilisation and leaching of Mn, associated with negative Eh readings 

in topsoils, appeared to be more marked in the Tedburn and Reedy than in the 

Halstow and Dunsford series. 

	

C. 	Soils Derived from Lower Carboniferous Rocks,West of Dartmoor.  

(a) The Dunsford series on Longham Down reflected the lower Co, Cu and Mn 

concentrations in the parent material compared to soils and rocks downslope. 

(b) The poorly drained Dunsford, Tedburn and Reedy soils of the lower slope 

and valley floor appeared to be leached of Co, Mn and Fe under reducing con-

ditions, resulting in precipitation of these elements in the soil immediately 
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adjacent to the stream and in the stream sediment. 

(c) All the soils showed Mn enrichment in topsoils compared to subsoils 

and the Tedburn and Reedy series showed similar enrichment of Co, Cu and Fe. 

(d) Larger proportions of total Cu and Mn were extracted from the Reedy 

topsoil than from other soils. This was also true for acid MH4Ac-extractable 

Co in the Reedy, but EDTA extracted the largest proportion of total Co from 

the freely drained Dunsford topsoil. 

D. 	Soils Derived from Devonian Sandstones in North Devon.  

(a) Podzolisation resulted in redistribution of the elements studied in 

profiles of the Kentisbury and Ilkerton series. Apart from Cu and Mn enrich-

ment in the litter layer, Co, Cu, Mn and Fe concentrations were lower in 

surface horizons than in the subsoil. 

(b) Concentrations of Mn were higher in the topsoil than the subsoil of the 

Blackmoor Gate series. 

(c) In tg Chapman series total Cu contents were higher in the subsoil 

than the topsoil due to accumulation in organic matter, but the reverse was 

true for Co and Mn concentrations. 

(d) Concentrations of total Co, Mn and Fe were lower in the Kentisbury 

and Chapman topsoils than in the Blackmoor Gate series. Podzolisation and 

poor soil drainage therefore appear to have similar effects on the relation-

ship between total Co, Mn and Fe contents of topsoils and stream sediments in 

areas of predominantly freely drained soils. 

(iii) Soil - Herbage Relationships.  

Significant positive correlations obtained between total or 

extractable metal contents of topsoils and concentrations in herbage are 

shown below. No other correlations were obtained for the elements studied. 

Correlation. 
	

Area Obtained.  

1. 	Concentrations of Cu in herbage in June with: 

(a) total soil Cu : 
	

Devonian slates. 

(b) acid NH4
Ac-extractable Cu : 
	Lower Carboniferous rock 
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Correlation. 	 Area Obtained.  

2. 	Concentrations of Cu in herbage in September 

with : 

(a) total soil Cu : 

(b) EDTA-extractable Cu: 

(c) Acid NH
4
Ac-extractable Cu : 

3. 

	

	Concentrations of Mn in herbage in June with 

total soil Mn : 

Devonian Slates. 

Upper Carboniferous rocks 
and Devonian Sandstones. 

Devonian sandstones. 

Upper Carboniferous rock 

These results suggest that in some areas acid NH
4
Ac and EDTA may extract amounts 

of Cu from soils which are related to concentrations in herbage, but the partial 

extractants studied do not indicate the 'available' Co and Mn contents of soils. 
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CHAPTER VI. DETAILED FOLLOW-UP WORK. IN DENBIGHSHIRE . 

1. 	INTRODUCTION  

A number of conclusions were drawn from the preliminary studies in 

Denbighshire described in Chapter IV, but some aspects required further investi-

gation. The Powys-Denbigh-Sannan-Cegin soil sequence is found over a much 

larger area of the Denbigh Upland than the Denbigh-Aled sequence and is of con-

siderable agricultural significance, while the Hiraethog-Ynys-Caron sequence 

is predominant on the Moorland. In order to clarify the results of the 

earlier studies it was necessary to investigate (a) the relationship between 

the trace element contents of the parent material and those of the different 

soil series, to see if differences between the total soil metal contents were 

due to changes in the composition of the underlying rock or to the influence 

of environmental factors such as pH and soil drainage, (b) the distribution 

of Co, Cu and Mn within the various soil series, to find out whether the more 

mobile factions have been leached from specific horizons of any of the soils, 

in particular the Powys and Hiraethog series, and to confirm the increased 

mobility of Co and Mn in poorly drained compared to freely drained soils, 

(c) the "availability" of Co, Cu and Mn to herbage in the various soil series, 

particularly the Powys series which often supported herbage deficient in Co 

and Cu in relation to the nutrient requirements of grazing livestock. 

Follow-up work was carried out as in the Devon study areas, des-

cribed in Chapter V. Profile pits were dug in selected catchments. Partial 

extractions were carried out on samples from the pits and topsoil samples 

from all catchments. 
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2. 	STUDY AREAS IN DENBIGHSHIRE  

(i) 	Results of Detailed Profile Investigations on the Denbigh Upland.  

The two sequences studied are :- 

A. The "Denbigh Association" of Powys, Denbigh, Sannan and 

Cegin soils. 

B. The Denbigh and Aled series. 

A. 	The Powys-Denbigh-Sannan-Cegin Sequence.  

Nine profiles in three catchments were examined and data are summarised 

in Table 29. Data from Catchment 1 are shown in Table 28. 

(a) 	Eh, pH and Soil Profile Morphology.  

The Powys series profile on the hill top in Catchment 1 was shallow and 

excessively drained. 	pH showed a sharp decrease from 6.2 in the Ap horizon to 

4.2 in the B horizon and 3.9 in the C horizon. The higher pH at the surface 

was probably due to recent liming. Soil organic matter content fell from 

approximately 30% in the Ap to 14 percent in the B and 7 percent in the C 

horizon. 	The decrease in organic matter content could be the cause of a fall 

in the buffering capacity of the soil, resulting in the sharp contrast in pH 

between the Ap and B horizons (Buckman and Brady, 1960). Eh readings were 

positive throughout the profile. 	Mottling was absent from the profile. 

The Denbigh series profile on the hill slope was freely drained and 

deeper than the Powys soil. Eh and pH were higher in the B and C horizons 

than in the A horizon. Mottling was absent. 

The Sannan series profile in the valley bottom was imperfectly drained, 

although Eh readings were positive throughout. 	There was slight mottling in 

the E and Bg horizons and very heavy mottling in the Cg horizon. pH was higher 

in the surface horizon than lower down the profile. 

The Cegin series near the stream was poorly drained and there was 

mottling throughout the profile. 	Eh readings were positive at the surface but 

negative in the Bg/Cg horizon, and pit was a little lower in the Bg/Cg than in 

the E horizon. 



Depth(cms) Mottles 	Colour Eh(mv) 	pH Total Metal Content 
and 	 (ppm) 
Horizon 	(%) 	 Co 	Cu 	Fe(%) Mn 

(a) Excessively Drained Hill Top (Powys Series). Slope 0-1' 

240 
204 

212 

168 

408 

460 

480 

360 

300 

348 
(c) Imperfectly Drained Valley Floor (Sannan Series). Slope  

0-10 1 	2 	10YR5/2 +200 6.7 13.6 14.8 3.4 144 

10-20 E 	2 	10YR5/2 +200 6.7 12.0 14.8 3.4 140 

20-30 j 	2 	10YR5/2 +180 6.0 14.0 14.8 3.4 100 

30-45 1 	5 	2.5Y6/2 +230 5.5 16.4 13.2 3.7 96 

45-60 Bg 	5 	2.5Y6/2 +230 5.5 12.4 14.8 3.8 96 

60-65 J 	5 	2.5Y6/2 +250 5.4 14.0 16.6 3.0 56 

65-75 1 	70 ' 	10YR5/2 +240 	5.5 14.8 11.2 3.2 	60 
Cg 

75-95 J 	70 	10YR5/2 +240 5.5 16.0 10.0 4.7 100 

Shale R 	- 	 - 17.2 12.8 3.2 264 
(d) Poorly Drained Valley Bottom (Cegin Series). Slope  0°  
0-10 1 	5 	10YR4/3 +190 5.6 13.6 22.6 3.7 440 

E 
10-20 j 	5 	10YR4/3 +190 5.6 24.4 17.6 3.2 292 

20-35 1 	20 	2.5Y5/2 -10 	5.2 16.0 14.8 3.1 56 
Bg/Cg 

35-50 j 	20 	2.5Y5/2 -10 	5.2 14.4 14.8 3.1 80 

0-5 1 0 10YR3/2 +190 6.2 11.2 22.8 3.4 
'5-15 j

p  
0 10YR3/2 +190 6.2 11.2 21.2 3.9 

5-25  B 0 10YR5/8 +240 4.2 15.2 24.8 5,9 

25-30 C 0 10YR6/3 +240 3.9 17.6 38.0 5.2 

Shale R - - - 22.4 36.0 	4.8 
(b) Freely Drained Hill Slope (Denbigh Series). Slope 3' 
0-10 	1 

A 
10-25 	J 

25-45 	B 

45-55 	C 

Shale R 

0  

0 

0 

 0 

- 

10YR3/3 

10YR3/3 

10YR5/8 

10:R6/6 

- 

+130 

+130 

+17Q 

+180 

- 	- 

5.5 

5.5 

6.1 

6.1 

- 

9.6 

11.6 

17.6 

21.2 

20.8 

22.0 

22.0 

26.0 

24.8 

26.0 

3.6 

3.7 

4.4 

4.1 

4.4 

TABLE 28: Soil Profile Data from Catchment 1 of the Powys-Denbigh-Sannan-Cegin Soil  
Sequence on the Denbigh Upland.  

EDTA-Extractable 
Metal Content (ppm) 
Co 	Cu 	Mn 

Loss on 
Ignition 

(%) 

Mechanical Analysis(%) 
Fine 	Coarse Silt Clay 
Sand 	Sand 

3.7 	6.0 
P17*  EV 
(25) 	(30) 

160 
ffi)  
(73) 

29.71 
30.1.1 2.9 	19.7 49.8 22.6 

2.8 2.2 50 14.1 . 	N.D. N.D. N.D. N.D. 
(18) (9) (23) . 
2.3 2.2 14 6.9 N.D. 	N.D. N.D. N.D. 
(13) (6) (8) 
- - - 

3.7 7.0 412 12.91 
(39) (32) (90) 4.4 	17.2 52.0 20.0 
2.8 
(24) 

5.4 
(25) 

254 
(53) 

11.1i 

4.5 4.6 282 7.0 N.D. 	N.D. N.D. N.D. 
(26) (18) (78) 
5.1 4.0 244 5.2 N.D. 	N.D. N.D. N.D. 
(24) (16) (81) 
- - - - - 

3.0 
(22) 

5.4 
(36) 

100 
(69) 

9.31 
6.9 	4.5 55.8 20A 

2.3 6.0 80 7.8J 
(19) (41) (57) 
1.7 5.0 42 4.1 N.D. 	N.D. N.D. N.D. 
(12) (33) (42) 
1.7 4.2 35 3.5 N.D. 	N.D. N.D. N.D. 
(10) (32) (36) 
2.3 3.6 24 3.1 N.D. 	N.D. N.D. N.D. 
(19) (24) (25) 
1.7 7.6 25 5.6 N.D. 	N.D. N.D. N.D. 
(12) (45) (45) 
1.1 3.6 	' 24 3.5 N.D. 	N.D. N.D. N.D. 
(7) (32) (40) 
1.7 3.0 24 3.0 N.D. 	N.D. N.D. N.D. 
(11) (30) (24) 
- 

.. 
- 

10.5 22.9 400 17.51 
(77) (99) (91) 3.8 	1.9 63.0 20.0 
5.6 12.0 150 13.9J 
(23) (66) (51) 
1.7 8.6 26 9.7 N.D. 	N.D. N.D. N.D. 
(11) (58) (46) 
1.1 8.0 16 9.0 N.D. 	N.D. N.D. N.D. 
'(8) (54) (20) 

Shale R 	- 	- 	- 	- 17.2 18.8 4.4 168 - 	- 	- 

) Extractable metal content as a proportion of total metal content (%):°*N.D. Not Determined 



TABLE 29: A Summary of Data for Topsoils, Subsoils and Rocks from Profile Pits and Stream 
Sediments on the Denbigh Upland.  

Group of Samples 	No. of 	Total Metal Content (ppm) 	 EDIA-Extractable Metal 	Loss on 
samples 	 Content (ppm) 	 ignition 	pH 	a(mv) 

co 	Cu 	Fe(%) 	Mn 	Co 	Cu 	Mn 	(%) 
(a) To-coils 
Fswys Series (3)* 	7 	6.0-11.2 	16.8-30.8 	2.9-3.9 	108-752 	2.6-3.7 	3.0-6.4 	110-280 	15.3-37.3 	4.4-6.2 	+170t3+260 

9.3 	21.5 	3.5 	349 	3.0 	' 4.7 	190 	26.9 	5.2 	+150 
(32)** 	(22) 	(54) 

Lerigh Series (4) 

Cannon Series (1) 

Cegin Series (1) 

Aled Series (1) 

All Topsoils (10) 

11 9.6-26.0 21.6-46.8 3.1-4.3 296-1464 0.7-9.0 5.4-20.0 120-706 8.4-18.9 5.4-6.3 +60tc+210 
14.7 	27.8 	3.5 	674 	4.3 	6.9 	385 	12.2 	5.7 	+160 

(29) 	(32) 	(57)  

  

3 12.0-14.0 14.8 	3.4 100-144 1.7-3.0 5.0-6.0 42-100 4.1-9.3 6.0-6.7 +180to+200 
13.2 	 128 	2.3 	5.5 	74 	7.1 	6.5 	+150 

(17) 	(37) 	(58)  
2 	15.6-24.4 17.6-22.8 3.2-3.7 	292-440 	5.6-10.5 12.0-22.6 150-400 13.9-17.5 	5.6 	+190 19.0 	20.2 	3.5 	366 	8.1 	17.3 	225 	15.7 

(43) 	(86) 	(61)  

 

18.0-19.2 30.0-32.0 3.7-3.9 292-540 7.2-9.1 12.0213.6 220-485 5.6-8.4 	5.4 +210to+220 18.4 	30.9 	3.8 	431 	, 7.9 	12.6 	382 	7.2 	 +210 

	

(43) 	(41) 	(89)  
25 8.0-26.0 14.8-46.8 2,9-4.3 100-1464 ;0.7-10.5 3.0-22.6 42-706 4.1-37.3 4.4-6.7 +60to+260 

14.9 	23.0 	3.5 	390 	5.1 	9.8 	251 	13.8 	5.7 	+190 .  
(34) 	(43) 	(64)  

(t) Subsoils  
Pv..rys Series (3) 	6 	8.0-17.6 	9.0-38.0 	2.4-6.4 	128-448 	1.7-3.0 	2.2-4.2 	14-156 	. 6.9-17.2 	3.9-5.2 	+210tc+240 11.5 	19.0 	4.8 	258 	2.5 	2.9 	79 	11.2 	4.6 	+220 

(22) (15) 	(31) 
Denbigh Series (4) 	8 	13.2-21.2 	19.2-29.3 	3.8-5.6 	210-372 	2.2-5.1 	2.4-8.6 	20-520 	3.6-8.1 	6.0-6.5 	+140to+220 

	

16.4 	25.9 	4.4 	291 ' 3.8 	5.6 . 203 	5.6 	6.2 	+180 
(23) (22) 	(70)  

Sannan Series (1) 	5 	12.4-16.4 	10.0-16.8 	3.0-4.7 	56-100 	1.1-2.3 	3.0-7.6 	24-35 	3.0-5.6 	5.4-5.5 	+230to+250 

	

14.7 	13.2 	3.7 	. 82 	1.7 	4.4 	26 	. 3.7 	5.5 	+240 
(12) 	(33) 	(32)  

Cegin Series (1) 	2 	14.4-16.0 	14.8 	3.1 	56-80 	1.1-1.7 	8.0-8.6 	16-26 	9.0-9.7 	5.2 	-10 

	

15.2 	 68 	1.4 	8.3 	21 	9.4 
(9) 	(56) 	(31)  

Aled Series (1) 	2 	22.4-24.4 	28.4-30.0 	4.1-5.5 	392-416 	4.1-6.5 	8.7-10.3 	120-200 	2.9-4.8 	5.3-5.5 	+200to+220 

	

23.4 	29.2 	4.8 	404 	5.3 	8.5 	160 	3.9 	5.4 	+210 
(23) 	(33) 	(40)  

All Subsoils (10) 	23 	8.0-24.4 	9.0-38.0 	2.4-6.4 	56-448 	1.1-6.5 	2.2-10.3 	14-520 	2.9-17.2 	3.9-6.5 	-10to+250 

	

16.2 	20.4 	4.2 	221 	2.9 . 	5.9 	98 	6.8 	5.4 	+170 
(18) 	(29) 	(44) 

(c) Pocks 	 11 	17.2-34.4 12.6-40.0 3.2-5.0 168-1032 
22.6 	25.7 	4.3 	413 

(d) Stream Sediment 	8 	15.0-26.7 	10.0-32.0 4.9-8.4 	496-1095 	5.4-6.8 	2.8-14.0 	96-860 	0.8-4.1 . 5.0-6.5 	+80to+270 19.9 	21.6 	5.9 	868 	6.2 	4.5 	297 	2.0 	5.9 	+170 
(31) 	(21) 	(34) 

*( ) Number of soil profiles 
**( ) Extractable metal content as a proportion of total metal content (%) 
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(b) Mechanical Composition and Organic Matter Content 

The Powys and Denbigh topsoils contained similar amounts of sand, silt 

and clay, but the imperfectly drained Sannan and Cegin series contained 

markedly lower proportions of coarse sand, similar amounts of clay and higher 

proportions of silt than the freely drained soils. 

The order of soil organic matter a)ntent was Powys> Cegin >Denbigh 

Sannan. 

(c) Total Soil Metal Contents  

In the Powys profile concentrations of Co and Fe showed similar distri-

bution in the profile, with concentrations in the B and C horizons higher than 

those in the Ap horizon. 	Concentrations of Cu were higher in the C horizon 

than above and similar to the Cu content of the underlying shale. The Mn 

contents, however, decreased slightly with depth in the profile. 	Concentrations 

of Co and, in particular, Mn were lower in the soil than in the parent material 

and Fe showed depletion in the Ap horizon. 

Concentrations of Co in the Denbigh series were higher in the B and C 

horizons than in the A horizon, but the reverse was true for Mn. Concentrations 

of Cu and Fe were fairly similar throughout the profile. Concentrations of all 

four elements were similar in the parent material to those in the B and C 

horizons. 

In the Sannan profile concentrations of Co, Cu and Fe were fairly con-

stant with depth, but Mn decreased from 144 p.p.m. in the B horizon to 56 p.p.m. 

at the base of the Bg horizon and then increased to 100 p.p.m. at the base of 

the Cg horizon. Cobalt contents throughout the profile were slightly lower 

than that of the shale, but concentrations of Cu and Fe were similar in soil 

and bedrock. 	The Mn contents of the soil were lower than that of the parent 

material. 

Iron concentrations in the Cegin profile were fairly constant with depth. 

The Co content of the surface was considerably lower than that at the base of 

the F. horizon, but below this Co contents decreased to 14.4 p.p.m. at the base 

of the profile. 	Concentrations of Cu decreased slightly and Mn contents in 
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particular decreased markedly from 22.8 to 440 p.p.m. respectively in the 

surface to 14.8 and 80 p.p.m. at the base of the profile. Concentrations of 

Co, Cu, Mn and Fe were lower in the Bg/Cg horizon than in the underlying shale. 

(d) 	Extractable Soil Metal Contents  

In the Powys profile EDTA-extractable Co as a proportion of total Co 

decreased with depth from 33% in the surface to 13% in the C horizon. Propor-

tions of total Cu and Mn extracted were fairly constant in the surface, but 

declined markedly in the B and C horizons. 

In the Denbigh profile the proportion of total soil Co removed by EDTA 

was highest from the surface 10 cms. below which the proportions remained con-

stant. ' EDTA-extractable Cu decreased from 7 p.p.m. in the A to 4 p.p.m. in 

the C horizon. The proportion of total Mn extracted by EDTA was similar in 

the B and C horizons, being slightly lower than that in the surface but higher 

than that extracted from the base of the A horizon. 

In the Sannan profile the proportion of total Co extracted varied from 

7 to 22%, tending to be slightly higher in the surface than below 20 ems. depth, 

and the EDTA-extractable Co content was positively correlated with soil organic 

matter content ( r = 0.736; p = <0.05). 	Extractable Cu content varied from 

24 to 45%, and extractable Mn from 25 to 69%, the highest proportions of total 

Mn being extracted from the surface. The latter was positively correlated with 

organic matter content ( r = 0.924; p = <.0.01). 

In the Cegin profile Co, Cu and Mn showed a marked decrease with depth 

in the proportions of total soil metal content extracted, from very large 

proportions in the surface to 8, 54 and 20% in the Bg/Cg horizon. 

The fact that the tendency for extractable metal contents to decrease 

with depth was associated with decreases in soil organic matter content would 

be expected since EDTA extracts (in particular) trace elements associated with 

the soil organic matter. 	The largest amounts and proportions of total Co and 

Cu were extracted by EDTA from the Cegin topsoil, but slightly more Mn was 

extracted from the Denbigh than from the Cegin soil. 
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(e) 	Soil-Rock-Stream Sediment Relationships  

Both topsoils and subsoils of all series in the "Denbigh Association" 

showed depletion of Co-in relation to the mean rock content. This depletion 

was particularly marked in the Powys series. Only the Sannan series showed 

overall Cu depletion in relation to the Cu content of the parent material. 

Concentrations of Fe in topsoils of all series were slightly lower than the 

Fe content of the shale but, with the exception of the Cegin series, subsoils 

contained higher mean Fe contents than topsoils. The Denbigh series showed Mn 

enrichment in topsoil compared to the shale. 	Only the Sannan showed marked 

overall depletion in relation to the mean Mn content of the shale. 	Concen- 

trations of Mn in subsoils were generally lower than in topsoils and rocks. 

The mean stream sediment contents of Co, Fe and Mn showed enrichment 

in relation to both topsoils and subsoils from the profile pits. Mean concen-

trations of Fe and Mn in the sediments also showed enrichment in relation to 

the rocks. 

B. 	The Denbigh-Aled Sequence 

Two profiles in Catchment 2 were examined and data are shown in 

Table 30. 

(a) Eh, pH and Soil Profile Morphology 

In Catchment 2 the Denbigh series on the hill slope was freely drained 

and Eh was positive throughout the profile. 	Mottling was absent from all 

horizons. 	pH was slightly lower in the surface than below 20 cms. 

The Aled series on alluvium near the stream was moderately drained and 

there was slight mottling in the A horizon, although Eh was positive throughout 

the profile. 	pH was constant with depth in the profile. 

(b) Mechanical Composition and Organic Matter Content.  

The particle size distribution in the surface of the Denbigh and Aled 

serkas was very similar, but the Aled profile contained slightly less organic 

matter than the Denbigh soil. 	In both series organic matter content decreased 

with depth in the profile. 



TABLE 30: Soil Profile Data from Catchment 2 of the Denbigh-Aled Soil Sequence on the Denbigh Upland 

Depth(cms) Mottles Colour Eh(mv) pH Total Metal Content EDTA-Extractable Loss on Mechanical Analysis(% 
and 	 (ppm) 	Metal Content (ppm) Ignition Fine Coarse Silt Clay 
Horizon 	(%) 	 Co Cu Fe(%) Mn Co 	Cu 	Mn 	(%) Sand Sand 
(a) Freely Drained Hill Slope (Denbigh Series). Slope 3°  

0-101 

10-20 A 

20-30 J 

30-45 B 

45-55 C 

0 	, 10YR3/3 +210 

0 10YR3/3 +210 

0 10YR3/3 +190 

0 10YR5/6 +210 

 0 10YR5/6 +210 

Shale R - 	- - 
(b) Moderately Drained Valley Floor 

0-5 1 

5-15 	A 

15-25 i 

30-50 B 

50-70 C 
(gravel) 

2 10YR4/3 +210 

2 10YR4/3 +210 

2 10YR4/3 +220 

0 10YR5/4 +200 

0 - +220 

5.6 12.0 27.2 3.1 436 6.0 10.0 384 12.81 
: (50)*  (37) (88)  9.8 

5.6 12.8 26.4 3.1 400 6.2 8.4 355 9.7j 
(48) (32) (89)  

6.3 13.6 26.4 3.4 296 4.5 7.0 270  8.4 N.D. 
(33) (27) (91)  

6.5 15.6 27.2 3.8 240 4.5 4.2 130 4.9 N.D. 
(29) (15) (54) 

6.4 16.1 29.3 3.9 232 3.8 2.9 85 4.2 N.D. 
(24) (10) (37) 

- 26.0 36.0 3.8 320 - - - - 

(Aled Series). 	Slope 0°  

5.4 19.2 30.8 3.7 .460 7.5 
(39) 

12.0 
(39) 

440 
(96) 

8.41 
10.0 

5.4 18.0 32.0 3.9 540 9.1 13.6 485 7.7] 
(51) (43) (90)  

5.4 18.0 30.0 3.8 292 7.2 12.1 220 5.6 N.D. 
(40) (40) (75) 

5.5 22.4 28.4 5.5 416 6.5 10.3 200 4.8 N.D. 
(29) (36) (48) 

5.3 24.4 30.0 4.1 392 4.1 8.7 120 2.9 N.D. 
(17) (29) (31) 

20.9 52.4 15.8 

N.D. N.D. N.D. 

N.D. N.D. N.D. 

N.D. N.D. N.D. 

17.8 49.8 16.0 

N.D. N.D. N.D. 

N.D. N.D. N.D. 

N.D. N.D. N.D. 

) Extractable metal content as a proportion of totalmetal content (%). *N.D. Not Determined. 
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(c) Total Soil Metal Contents 

In general the data show similar trends to those in the other Denbigh 

profile described. 	In the Aled profile Co and Cu contents of the soil were 

fairly constant with depth. Concentrations of Fe were similar throughout 

the profile with the exception of the B horizon, where there was a moderate 

enrichment. 	Manganese contents ranged from 292 p.p.m. between 15 and 25 ems. 

and 540 p.p.m. in the 10 cms. immediately above, but the variation showed no 

consistent trends. 

(d) Extractable Soil Metal Contents  

In the Denbigh profile proportions of total Co and Cu extracted by 

EDTA decreased with depth, associated with a decline in organic matter content. 

Extractable Mn as a proportion of total Mn remained constant in the A horizon 

but decreased to 54% in the B and 37% in the C. 

Slightly larger amounts of Co, Cu and Mn were extracted from the Aled  

than from the Denbigh topsoil. Proportions of total Co extracted were variable 

but showed no distinct trend, while proportions of total Cu extracted remained 

.fairly constant with depth in the profile. Extractable Mn was associated with 

a decrease in organic matter content, and proportions of total Mn removed by 

EDTA decreased from 96% in the surface to 48% in the B horizon. 

(e) Soil-Rock-Stream Sediment Relationships  

Concentrations of Co and Fe in the Aled topsoil were slightly lower 

than the mean Co and Fe contents of rocks, shown previously in Table 29, but 

otherwise mean Co, Cu, Mn and Fe contents of rocks and soil were similar. 

Concentrations of Co in the Aled topsoil and subsoil were similar to the maan 

Co content of stream sediments. 	The mean Cu contents of topsoil and subsoil 

were higher than that of the sediments, but mean Fe and Mn contents were lower 

than mean concentrations in stream sediments. Trace element distribution in 

the Denbigh series has been discussed earlier in this chapter (page 109) in 

relation to the Co, Cu, Mn and Fe contents of rocks and stream sediments. 

(ii) 	Partial Extraction of Topsoils from the DenbELh Upland 

Topsoil (0 to 15 cms.) samples, collected from the catchments at 
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approximately 50 metre intervals in the transacts, were extracted with EDTA, 

acid ammonium acetate and neutral ammonium acetate as described in Chapter II, 

page 16. 

A. 	The Powys-Denbigh-Sannan-Cegin Seauenee 

Results from Catchment 1 are shown in Table 31 and data for all 

catchments are summarised in Table 32. 

(a) 	A Comparison of Extractants  

EDTA extracted considerably larger amounts of Co, Cu and Mn from topsoils 

in Catchment 1 than did neutral or acid NH4  Ac • 

Acid NH
4
Ac extracted less Co from the Powys series than from the other 

soils. Similarly a smaller proportion of the total Co content was removed by 

acid NH
4
Ac from the Powys series than from the other series. 	EDTA, however, 

extracted similar amounts of Co from the Powys, Denbigh and Sannan soils, but 

considerably more Co was extracted from the Cegin series. The greatest propor-

tion of the total soil Co.content was extracted from the Cegin series by EDTA, 

Neutral and acid NH
4
Ac removed similar proportions of total soil 'Cu 

from the various series. EDTA extracted more Cu from the Cegin series than 

from the other soils, and the largest proportion of total Cu was removed from 

the Cegin series by this extractant. 

Larger amounts of Mn were extracted from the Cegin series by neutral and 

acid NH
4
Ac than from the other soils, but EDTA extracted twice as much Mn from 

the Powys and Denbigh soils than from the Sannan and Cegin series. All the 

extractants, however, removed a larger proportion of the total soil Mn content 

from the Sannan and Cegin series than from the freely drained brown earths, 

probably because Mn was in the reduced form, as a result of poor soil drainage, 

in the Sannan and Cegin series, which is more soluble than the oxidised form. 

Cobalt and copper appeared to be more, mobile in the Cegin series than 

in other soils of the sequence, while Mn was . more mobile in both the poorly 

drained soil series (Sannan and Cegin) compared to the Powys and Denbigh soils. 



TABLE 31: Extractable Cobalt, Copper and Manganese in Topsoils (0-15 cms) and Stream Sediment in Catchment 1 of the 
Powys-Denbigh-Sannan-Cegin Soil Sequence on the Denbigh Upland (Ranges and Means)  

Group of 	• COBALT (ppm) 	 COPPER (ppm) 	 MANGANESE (ppm) 
Samples 	Total Acid NH4Ac 	EDTA- 	Total Neutral NH

4
Ac Acid NH

4
Ac 	EDTA- 	Total Neutral NH

4
Ac Acid NH

4
Ac 	EDTA- 

Extractable Extractable 	Extractable Extractable Extractable 	Extractable Extractable Extractable 

Powys 
Series 

9.0-10.4 
9.9 

0.5 
(5)** 
1 

1.2-4.4 
2.8 
(28) 

25-39 
30 

0.4-0.7 
0.5 
(2) 

0.4-0.8 
0.5 
(2) 

6.0-9.0 
7.1 
(24) 

800-1230 
970 

14-24 
19 
(2)  

37-49 
44 
(5) 

198-388 
282 
(29) 

Denbigh - 5.6-10.8 0.7-1.1 1.2-2.0 15-21 0.0-1.1 0.4-0.8 3.6-5.4 550-1100 14-35 32-66 184-346 
Series 10.5 0.9 1.7 18.7 0.6 0.5 4.4 817 26 42 244 
[6] (9) (16) (3) (3) (24) (3)  , 	(5) (30) 

3 

Sannan 5.6-20.8 0.8-1.9 1.2-3.6 16-26 0.4-1.1 0.4-0.8 3.6-7.6 270-460 14-41 19-58 72-148 
Series 14.5 1.4 2.0 20.2 0.7 0.6 5.6 324 26 35 122 
[2] (10)  (14) (3) (3) (28) (8) (11)  (38) 

2 

Cegin 8.5-12.5 0.8-1.2 3.6-7.8 30-33 0.2-0.7 1.1-1.3 14.4-14.8 150-320 17-55 32-111 54-148 
Series • 10.5 1.0 5.7 31.3 0.5 1.2 14.6 235 36 72 101 
[2] (10) (54) (2) (4) (46) (15) (31) (43) 

Stream 26.7 0.6 6.8 32 0.4 0.4 14.0 1030 120 321 860 
Sediment (2) (25) (1) (1) (44) (12) (31) (83) 

*[] Number of samples 
**( ) Extractable metal content as a proportion of total metal content (%) 



TABLE 32: A Summary of Extractable Cobalt, Copper and Manganese Contents of Topsoils 
(0-15 cms) and Stream Sediments in the Powys-Denbigh-Sannan-Cegin Soil  
Sequence on the Denbigh Upland.  

Catchment Sample 	COBALT (ppm) 	 COPPER (ppm) 	 MANCAEISE (P70 
Total Acid :fl1Ac 	EDTA- 	Total Neutral NH4Ac Acid 18i4Ac 	EDTA- 	Total 	Neutral NH4Ac Acid FH4Ac 	EDTA- 

Extractable Extractable 	Extractable Extractable Extractable 	Extractable Extractable Extractable 

	

Topsoil 5.6- 	0.5-1.9 	1.2-7.8 	15-39 	0.0-1.1 	0.4-1.3 	3.6-14.8 150-1230 	14-55 	19-111 	54-388 
IA* 20.8 1.0 	2.5 22.8 0.6 	0.6 	6.6 	619 	26 	44 	195 

1 	11.6 	(9)** 	(22) 	 (3) 	(3) 	(29) • 	 (4) 	(7) 	(32)  

	

Sediment 26.7 	0.6 	. 6.8 	32 	0.4 	0.4 	14.0 	1030 	120 	321 	SEC 
(2) 	(25) 	 (1) 	(1) 	(44) 	 (12) 	(31) 	(63)  

To 	
15.3 	0.6 	1.4 	27.5 	 0.6 	6.8 	 37 

soil 6-23 0.1-1.0 	0.0-3.6 11.3- 	0.0 
1] 	

0.0-1.3 5.2-10.2 40-1120 
. 	603 	

5-79 10-120 
70 	

14-364 
2  228 

• (4) 	(9) 	21.7 	 (3) 	(31). 	 (6) 	(12) 	(38)  
Sediment 20.0 	0.7 	6.0 	26.3 	0.0 	1.6 	2.8 	560 	21 	34 	248 

(4) 	(30) 	 (7) 	(11) 	 (4) 	(6) 	(44)  

	

Topsoil 6-16 	N.D.*** 1.2-4.4 8.5-26.3 N.D. 	N.D. 	2.4-6.0 80-848 	N.D. 	N.D. 	8-286 
3 	[10 	10.3 	 3.4 	14.8 	 4.3 	446 	 134 

(33) 	 (29) 	 (30)  

	

Sediment 18.5 	N.D. 	5.4 	10 	N.D. 	N.D. 	3.1 	496 	N.D. 	N.D. 	95. 
(29) 	 (31) 	 (19)  

	

Topsoil 6-28 	N.D. • • 2.0-8.6 12.0-23.8 N.D. 	N.D. 	4.2-10.8 	352-1552 	N.D. 	N.D. . 	80-698 
4 	[233 	16.2 	 4.3 	16.3 	 6.9 	956 	 357 

(27) 	 . (42) 	 (37)  

	

Sediment 15.0 	N.D. 	6.1 	10 	N.D. 	N.D. 	4.2 	• 932 	N.D. 	N.D. 	213 
(41) 	 (42) 	 (23)  

Topsoil 14-21 	N.D. 	2.0-9.6 13.8-29.8 N.D. 	N.D. 	3.6-16.8 452-1944 	N.D. 	N.D. 	160-716 ug 	18.2 	 5.2 	24.9 	 8.6 	874 	 369 
5 	 (29) 	 (35) 	 (42)  

Sediment 23.0 . 	N.D. 6.7 	23.8 	N.D. 
(29) 

N.D. 	5.1 	952 	N.D. • 	N.D. 	237 
(21) 	 (25) 

All 	Topsoil 5.6- 0.5-1.9 	0.0-9.6 11.3- 0.0-1.1 	0.0-1.3 	2.4-16.8 40-1944 	5-79 	10-120 	8-716 
Catch- 	DI] 	28.0 	1.8 	3.4 	39.0 	0.6 	0.6 	6.6 	699 	32 	57 	257 
ments 	 14.3 (6) 	(24) 20.1 (3) 	' 13) 	(33) 	 (5) 	(8) 	(37) 

27 	 27 ' 	27 	 27 	27 

	

Sediment15.0- 	0.6-0.7 	5.4-6.8 10-32 0.0-0.4 	0.4-1.6 	2.8-14.0 496-1030 	21-120 	34-321 	96-860 
[9 	26.7 	0.7 	6.2 	20.4 	0.2 	1.0 	5.8 	796 	71 	178 	331 

	

22.6 	(3) . 	(27) 	 (1) 	(5) 	(28) 	 (9) 	(22) 	(42) 
2 	 2 	 2 	 2 	2 

*E] Number of samples 
**( ) Extractable metal content as a proportion of total metal content (%) 	***N.D. Not Determined, 
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(b) Relationships Between Extractable and Total Soil Metal Contents and 

Plant Uptake of Co, Cu and Mn.  

In general actual amounts of Co, Cu and Mn extracted from topsoils 

showed some variation between catchments, but this was related to differences 

in the total soil metal contents rather than features of the secondary environ-

ment. 

Herbage data are given in Chapter IV - summarised in Table 7 and shown 

for Catchment 1 in Figure 15. In Catchment 1 amounts of Co and Mn extracted 

from topsoils were not correlated with the Co and Mn contents of herbage 

sampled in July or September. However Cu extracted from topsoils by acid 

NH4
Ac was correlated with the Cu contents of herbage sampled in July (p = <0.05; 

r = 0.526), and Cu extracted by EDTA was correlated with Cu concentrations in 

herbage collected in July (p = <0.001; r = 0.807, n = 16). 

An assessment of combined data for all catchments indicated that there 

was no correlation between total soil Co and Mn contents or amounts of Co and 

Mn extracted from topsoils and concentrations of Co and Mn in herbage. There 

was a correlation, however, between the total Cu contents of topsoils and the 

Cu contents of herbage sampled in July (p <0:01; r = 0.303) and between 

EDTA-extractable Cu and Cu in herbage in July (p = <Z:0.05; r = 0.236). 

These results suggest that the partial extractants used in the present 

study are not suitable for predicting the Co and Mh contents of herbage, and 

there is no relationship between total soil Co and Mn contents and concen-

trations of these elements in herbage. However, acid ammonium acetate and, 

particularly, EDTA extract amounts of Cu from topsoils which are related to 

Cu concentrations in herbage. 	Total soil Cu contents were also correlated 

with Cu contents of herbage and it therefore appears that, if the total soil 

Cu content is known, it is probably unnecessary to carry out partial extractions 

of soils in order to predict the Cu content of herbage. 

(c) Soil-Stream Sediment Relationships, 

Concentrations of Co, Cu and Mh in neutral and acid NH4Ac extracts of 

the stream sediment in Catchment 1 showed little relationship to the contents 
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of soil extracts. Considerably more Mn was extracted from the stream sediment 

(which was enriched in Mn. compared to the total Mn contents of topsoils) by 

EDTA than from any of the soils. As 83% of the total Mn content of the stream 

sediment was extracted by EDTA it appears that most of the Mn had reached the 

stream as a result of mobilisation and leaching rather than by elastic dis-

persion, particularly from the poorly drained Sannan and Cegin series, as a 

result of reducing conditions in these soils, and precipitation in the sediment. 

Amounts of Co and Cu removed by EDTA from the stream sediment were 

similar to those extracted from the Cegin topsoil samples. These results 

suggest that there may also have been some precipitation of Co and Cu in the 

stream. 

B. 	The Denb illuLanaa 

Results from Catchment 2 are given in Table 33 and are summarised 

for all catchments in Table 34. 

(a) 	A Comparison of Extractants.  

Similar amounts of Co were extracted from the Denbigh and Aled topsoils 

by acid NH4Ac, but more Co was removed from tin Aled series than from the 

Denbigh soil by EDTA. 

Concentrations of Cu and Mn in acid NH4
Ac and EDTA extracts from the 

Aled topsoil were higher than from the Denbigh series. It appears that Co, Cu 

and Mn are more easily extracted from the Aled soil, probably due to reducing 

conditions occurring at certain times of the year as a result of waterlogging 

(indicated by the presence of mottles in the A horizon), which lead to the 

release of trace elements. 	It. has been shown that waterlogging a soil leads 

to an increase in the extractable Co and Mn contents, which is maintained 

when the soil is subsequently dried (Kee and Bloomfield, 1962). 

The lack of exchangeable Cu could be due to the relatively.small clay 

contents of the soils (16%) compared, for instance, to soils on Devonian slates 

in Devon which contain 30 to 50% clay. There was little difference between 

the neutral NH4 
 Ac-extractable Mn contents of the Aled and Denbigh topsoils. 



TABLE 33: Extractable Cobalt, Copper and Manganese in Topsoils (0-15 cms) and Stream Sediment in Catchment 2 of the . 
Denbigh-Aled Soil Sequence on the Denbigh Upland (Ranges and Means)  

Total 
COBALT (ppm) 
Acid NH4Ac 	EDTA- 
Extractable Extractable 

Total 
COPPER (ppm) 

Neutral NH4Ac Acid NH4Ac 	EDTA- 
Extractable 	Extractable Extractable 

MANGANESE (ppm) 
Total Neutral NH4Ac Acid NH4Ac 	EDTA- 

Extractable 	Extractable Extractable 

12-20 1.1-1.9 0.4-7.0 18.8-30.0 0.0 0.0-1.3 6.4-9.8 620-860 30-79 69-152 284-482 
17.4 1.3 '3.9 26.9 0.8 7.7 747 46 93. 376 

(7)** (22) (3) (29) (16) (12) (50) 
4 

20-22 1.3-1.4 7.8-9.6 20.6-22.5 0.0 2.0-3.0 8.0-10.0 600-710 48-51 91-174 384-452 
20.8 1.4 8.7 21.5 2.7 9.3 670 50 , 140 410 

(7)  (42) (13) (43) (7) (21) (61) 
2 

16 1.2 6.0 18.8 0.0 2.0 2.8 830 16 66 248 
(8)  (38) (11) (15) (2) (8) (30) 

roup of 
amples 

enbigh 
Series 
[7] * 

led 
Series 
Il 

Stream 
Sediment 

i] Number of samples 
**( ) Extractable metal content as a proportion of total metal content (%) 



TASTE 34: A Summary of Extractable Cobalt, Copper and Manganese Contents of Topsoils'(015 cms) and Stream Sediments in 
the Denbigh-Aled Soil Sequence on the Denbigh Upland  

'atchment Sample 	COBALT (ppm) 	 COPPER (ppm) 	 MANGANESE (ppm) 
Total Acid NH4Ac 	EDTA- 	Total Neutral NH4Ac Acid NH4Ac 	EDTA- 	Total 	Neutral NH4Ac Acid NH4Ac 	EDTA- 

Extractable Extractable 	Extractable. Extractable Extractable 	Extractable Extractable Extractabl 

	

Topsoil 14.8- 	N.D.** 
NI* - 23.4 

1 	18.1 

Sediment 20 	N.D. 

	

Topsoil 12-22 	1.1-1.9 
Lig 

2 	18.5 	1.3 
(7):.:,:. 

Sediment 16 	1.2 
(8) 

	

Topsoil 16-25 	N.D. 

3 	
[6] 	20.8 

Sediment 16 	N.D. 

All 	Topsoil 12-25 	1.1-1.9 
Catch- 	[25] 	19.1 	, 1.3 
meats 	(7) 

10 

Sediment 16-20 	1.2 

	

17.3 	(8) 
1 

1.2-6.2 24.5- N.D. N.D. 6.0-11.4 460-1160 N.D. N.D. 192-408 
4.0 90.0 8.8 768 311 
(22) 37.2 (24) (40) 

6.8 27 N.D. N.D. 3.7 1095 N.D. N.D. 326 
(34) (14)  (30) 

0.4-9.6 18.8- 0.0 0.0-3.0 6.4-10.0 600-860 30-79 69-174 284-482 
30.0 

5.4 25.3 1.3 8.2 724 47  107 386 
(29) (5) (32) (16)  (15) (53) 

6.0 18.8 0.0 2.0 2.8 830 16 66 248 
(38) (11) (15)  (2) (8) (30) 

4.4-10.0 18.8- N.D. N.D. 8.4-14.0 648-1160 N.D. N.D. 350-614 
5.6 27.5 10.4 939 485 
(27) 22.7 (46) (52) 

5.7 22.5 N.D. N.D. 3.1 892. N.D. N.D. 212 
(36) (14) (24) 

0.4-10.0 18.8- 0.0 0.0-3.0 6.0-14.0 460-1160 30-79 69-174 192-614 
5.0 90.0 10 1.3 9.1 810 47 107 394 
(26) 30.1 (5) (30) (6) (15) (49) 

10 10 10 

5.7-6.8 18.8- 0.0 2.0 2.8-3.7 830-1095 16 66 212-326 
6.2 27.0 1 (11) 3.2 939 (2) (7) 262 
(36) 22.8 1 (14) 1 1 (30) 

*[] Number of Samples 	 ** N.D. Not Determined 
-"( ) Extractable metal content as a proportion of total metal content 

• 

O 
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(b) Relationships Between Extractable and Total Soil Metal Contents and 

Plant Uptake of Co Cu and Mn.  

In an assessment of data from all catchments, concentrations of Co in 

herbage sampled in September were correlated with acid NH4Ac-extractable soil 

Co contents (p = .<0.05; r = 0.818; n = 6). 	There was no relationship 

between the Cu and Mn contents of herbage and amounts of Cu and Mn extracted 

from topsoils by any of the reagents. 

Since some different correlations were obtained in this soil sequence 

between total and extractable soil metal contents and conrentrations of trace 

elements in herbage compared to the Powys-Denbigh-Sannan-Cegin sequence, it 

is not possible to conclude that there are general relationships which apply 

to the Upland as a whole. 

(c) Soil-Stream Sediment Relationships 

The acid NH
4
Ac and EDTA-extractable Co contents of the stream sediment 

in Catchment 2 were similar to mean topsoil contents. The acid NH4Ac-

extractable Cu content of the sediment was similar to that of the Aled topsoil, 

but the EDTA-extractable Cu content of the sediment was considerably lower than 

that of the soils. Lower concentrations of Mn were extracted from the sediment 

than from topsoils by all three reagents. 	These results suggest that Co, Cu 

and Mn are probably present in the stream sediment as a result of elastic 

dispersion. 

Although periodic waterlogging of the Aled series increases the concen-

trations of these elements which can be extracted from the topsoil, it does 

not appear to result in leaching of Co, Cu and Mu from the Aled soil and 

subsequent enrichment of the stream sediment relative to mean total concen-

trations in topsoils. 

Very similar results were obtained in Catchments 1 and 3 to those in 

Catchment 2. 	The summary of data for topso:Lls and stream sediments, shown in 

Table 34, indicated that acid NH
4 
 Ac extracted similar amounts of Co from soils 

and sediments, but EDTA extracted slightly more Co from the sediment than the 

soil, which was also a slightly larger proportion of the total Co content than 
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that removed from topsoils. Acid NH
4
Ac extracted slightly more Cu from the 

sediment than from topsoils, but the reverse was true for EDTA. 	Less Mn was 

extracted from the sediments than from topsoils by all three reagents. 

(iii) Results of Detailed Profile Investigations on theOenbigh Moorland. 

The main soil sequence found on the Denbigh Moorland is the Hiraethog-

Ynys-Caron sequence. Less frequently the Manod-Ynys-Caron soil sequence occurs. 

Data for all catchments are summarised in Table 36. 

A. 	The Hiraethog-Ynys-Caron Sequence 

Eight profiles in two catchments were examined. Profile data from 

Catchment 4 are shown in Table 35. 

(a) Eh, pH and Soil Profile Morphology  

The Hiraethog profile on the hill top was poorly drained at the surface 

but freely drained below the organic layer. 	pH was relatively high (5.8) 

in the 0 horizon, decreased to 3.4 in the A and increased to 4.8 below the iron 

pan. The 0 horizon consisted of organic matter in various stages of decay, 

which merged into the black, more mineral A horizon at 10 cms. Below this was 

.a light grey-brown bleached Ea horizon, with an abrupt change to the iron pan 

at 40 ems. The pan was not indurated and was difficult to distinguish from 

the rest of the B
Fe 

horizon, which showed widespread orange colouration 

associated with accumulation of ferric iron. The C horizon was similar in 

colour to the B
Fe. 

The Ynys series on the hill slope was poorly drained although Eh readings 

were positive throughout the profile. Mottling was abundant in the mineral 

horizons. The pH of the 0 horizon was lower than in the mineral soil below 

30 mns. The Caron peat near the stream was also poorly drained, particularly 

below 75 ems, where Eh readings were negative. 	pH increased slightly from 

3.4 in the litter layer to 4.6 in the more mineral horizon at 155 ems. depth. 

(b) Organic Matter Content 

In the Hiraethog and Ynys series there was a sharp decrease in organic 

matter content below the 0 horizon. In the Caron peat, however, the organic 

matter content remained relatively constant until it began to decrease gradually 



TABLE 35: 	Soil Profile Data from Catchment 4 of the Hiraethog-Ynys-Caron Soil 
Sequence on the Denbigh Moorland 

Depth (cms) 	Mottles 
and 
Horizon 	(%) 

Colour 	Eh(mv) pH Total Metal Content 

Co 	Cu 	Fe(%) 

(ppm) 

Mn 

EDTA-Extractable 
Metal Content (ppm) 
Co 	Cu 	Mn 

Loss on 
Ignition 
(%) 

(a) 	Moderately Drained Hill Top (Hiraethcg Series). Slope 00  
0-10 	L-H(0) 	0 5YR2/1 	-80 	5.8 4.0 16.0 0.7 134 3.0,, 6.4 120 81.2 

(75)-N  (40) (90) 
10-20 	A 	0 5YR2/1 	+260 	3.4 10.4 6.0 1.2 152 1.5 1.0 34 87.7 

(14) (17) (22) 
20-40 	Ea 	0 10YR5/3 	+300 	3.5 6.0 8.0 1.7 11 1.5 5.0 8 11.3 

(25) (63) (73) 
40-50 	1 	0 7.5YR6/8 	+300 	3.6 28.0 22.0 7.6 232 3.7 4.6 24 14.2 

B (13) (21) (10) 
50-65 	jre 	0 10YR5/8 	+300 	4.7 12.8 27.2 4.8 92 1.5 4.6 8 8.0 

(12) (17) (9) 
65-70 	C 	0 10YR5/4 	+260 	4.8 29,2 45.2 5.2 468 6.7 3.0 2.4  

(23) (7) 
) 

Shale 	R 	- - 	- 36.8 41.2 4.8 508 - - 

(b) 	Poorly Drained Hill Slope (Ynys Series). Slope 10  
0-10 	L 	0 	5YR2/2 	+90 	4.1 4.8 21.2 1.3 42 4.5 10.4 32 94.3 

(94) (49) (76) 
10-20 	F 	0 5YR2/2 	+90 	4.1 6.0 6.8 2.5 17 2.2 3.0 10 89.3 

(37) (44) (59) 
20-30 	H 	0 SYR3/1 	+100 	4.1 5.2 6.2 3.0 10 3.0 5.4 8 50.4 

(58) (87) (80) 
30-50 	1 	30 10YRS/2 	+90 	5.1 19.2 14.0 4.3 176 0.7 2.2 10 12.4 

Bg (4) (16) (6) 
50-60 i 	20 , 2 1 5Y6/4 	+20 	5.2 14.4 20.0 3.9 80 1.5 7.0 10 5.4 

(10) (35) (13) 
60-75 	Cg 	20 2.5Y6/4 	+20 	5.2 11.6 19.2 3.7 80 1.5 5.4 10 8.0 

(13) (28) (13) 
Shale 	R 	- - 	- 	- 29.6 26.0 5.4 336. - - - - 

(c) 	Poorly Drained Area Close to the Stream (Caron Series). Slope 00  

0-5 	L 	0 	5YR2/2 	+220 	3.4 	6.0 	16.8 0.5 28 3.0 9.6 20 84.9 
(50) (57) (71) 

5-15 	F 	0 5YR2/2 	+170 	3.6 3.2 6.8 0.3 12 2.2 1.6 4 94.3 
(69) (24) (33) 

15-35 0 SYR3/1 	+110 	3.5 3.6 6.0 0.3 12 2.2 2.4 4 97.5 
(61) (40) (33) 

35-55 0 5YR3/1 	+80 	3.4 4.4 4.0 0.3 24 3.7 1.4 8 98.5 
(84) (35) (33) 

 

55-75 0 5YR3/1 	+20 	4.0 6.4 5.2 0.2 14 2.2 1.4 8 96.2 
H (34) (27) (57) 

75-95 0 SYR3/1 	-150 	4.0 3.2 10.0 0.1 28 3.0 3.0 10 95.1 
(94) (30) (36) 

95-115 0 5YR3/1 	-150 	4.3 5.2 6.8 0.3 88 2,2 2.2 22 31.2 
(42) (32) (25) 

115-135 0 5YR3/1 	-70 	4 .4 3.2 12.0 0.4 28 2.2 2.4 20 70.2 
(69) (20) (71) 

135-155 C 	0 SYR3/1 	-50 	4.6 4.8 21.2 0.4 24 3.6 9.0 20 66.0 
(75) (42) (83) 

ie( ) Extractable metal content as a proportion of total metal content. 



(a) Topsoils  

Eiraethog Series (4)* 14 	3.6-17.2 4.0-36.0 0.2-2.7 
8.2 
	

17.8 	1.0 

11-364 1.5-9.2 1.0-16.2 
111 	3.8 	8.3 

(46)** 	(47) 

8-294 
74 

(67) 

11.3-93.0 
51.3 

3.3-5.8 -100to+300. 
3.8 	+150 

(5). S'Asoils  

Hiraethog Series (4) 	9 	7.6-29.2 13.2-45.2 0.4-7.6 

	

15.0 	23.3 	3.3 

Ynys Series (3) 	7 	7.2-45.2 12.0-34.8 0.7-4.5 

	

16.5 	21.9 	3.7 

Series (2) 	3 	9.6-17.2 	6.0-66.0 1.6-.J.6 

	

13.9 	30.0 	2.4 

Man'7.:d Series (1) 	2 	12.6-17.2 22.0-34.8 5.4-6.0 

	

15.0 	28.5 . 5.7 

All Sul-..soils (10) 	21 	7.2-45.2 	6.0-66.0 0.4-7.6 

	

15.1 	25.9 	3.8 

1.5-9.2 1.9-9.6 	8-170 2.4-14.7 3.6-4.8 +250to+300 
4.6 	6.0 	.52 	10.4 	4.0 	+270 
(32) 	(26) 	(39)  

0.7-32.1 2.2-11.0 	10-210 	3.0-20.4 	5.0-5.8 -30,-)t.;+30 
6.5 	6.8 	85 	B.0 	5.3 	-70 
(39) 	.(31) 	(41)  

0.7-8.6 2.7-28.6 4-107 4.1-25.6 3.7-4.7 -10to.30 
4.7 	11.5 	58 	15.6 	4.1 	.10 
(34) 	(38) 	(41)  
2.2  2.4-4.0 	4-8 	4.8-8.1 4.3-4.7 +250tc+270 

	

3.2 	6 	6.5 	4.5 	.260 
(15) 	(11) 	(2)  

0.7-32.1 1.9-28.6 	4-210 	2.4-25.6 	3.6-5.8 -300zo.300 
4.6 	6.9 	50 	9.9 	4.5 	+120 
(30) 	(27) 	(27) 

60-468 
146 

80-408 
206 

92-220 
140 

220-292 
256 

60-468 
187 

TABLE 36: A Summary of Data for Topsoils, Subsoils and Rocks from Profile Pits, and Stream Sediments 

on the Denbigh Moorland.  

of Samples No. of 
samples 

Total Metal Content 

Co 	Cu 	Fe(6) 

(ppm) 	EDTA-Extractable Metal Loss on 	pH 	Eh(mv) 
Content (ppm) 	Ignition 

Mn 	Co 	Cu 	Mn 	(%) 

Ynys Series (3) 	10 	4.8-24.4 	6.2-75.2 0.5-6.6 

	

11.9 	22.9 	2.2 

Carcn Series (3) 	17 	3.2-36.0 	4.0-117.6 0.1-2.7 

	

10.2 	24.3 	0.6 

Manod Series (1) 	7.648.8 	8.0-8.4 	2.6-2.9 

	

8.2 	8.2 	2.8 

A.1 Topsoils (11) 	39 	3.2-36.0 	4.0-117.6 0.1-6.6 

	

9.6 
	

18.3 	1.7  

10-1220 	2.2-14.8 3.0-35.0 	8-930 	27.1-94.3 	4.1-6.2 -300.o+100 

	

333 	5.4 	10.9 	249 	74.6 	4.7 	-50 
(45) 	(48) 	(74)  

12-180 	1.3-5.2 1.4-44.6 	4-76 - 53.7-98.5 3.4-4.6 -70tc+30 

	

52 	2.6 	9.9 	25 	87.1 	3.9 	+110 

(25) 	(41) 	(48) 

72-92 	0.7-3.7, 2.4-3.6 10-24 17.3-17.5 	5.7 	+250 

	

82 	2.2 	3.0 	17 	17.4 
(27) 	(37) 	(21)  

10-1220 	0.7-14.8 1.0-44.6 
	

4-930 
145 	3.5 	8.0 

	
91 

(35) 	(44) 
	

(63) 

11.3-98.5 
57.6 

3.3-6.2 -300to+300 
4.5 . 	+120 

• 

(c) Pc,ckc 7 16.0-35.8 20.0-77.6 4.2-5.6 
26.7 	34.3 	4.9 

292-520 
405 

(d) Stream Sediments 5 	6-320 	7-21 	5.6*** 
92.6 	12.8 

130-7600 	1.5-79.0 0.9-3.7 	42-750 	1.8-64.4 	3.4-6.1 +130to+230 
2263 	18.4 	2.4 	395 	38.7 	4.5 	+190 

' 	rn 	(1q) 	(17)  

*( ) Number of soil profiles 
"( ) Extractable metal content as a proportion of total metal 

content (%) 
*** 	One sample only 



125 

at 115 cms. depth to 66% in the more mineral horizon at 135 ems. 

(c) Total Soil Metal Contents  

Total concentrations of Co in the Hiraethog series were variable but • 

showed an overall increase from 4 p.p.m. in'the 0 to 29 p.p.m. in the C horizon, 

with some apparent accumulation in the iron pan. Manganese concentrations 

decreased sharply from 134 p.p.m. in the 0 horizon and 152 p.p.m. in. the A to 

11 p.p.m. in the:Ea,increased to 232 p.p.m, in the iron pan, but decreased to 

92 p.p.m. at the base of the BFe  horizon. Copper content was relatively high 

in the 0 horizon, decreased to 6 p.p.m. in the bleached Ea and increased from 

22 p.p.m. in the iron pan to 45 p.p.m. in the C horizon. 

Concentrations of Fe and trace elements showed redistribution associated 

with the podzolisation process, the highest Fe content being in the iron pan. 

The upper horizons contained low concentrations of Fe and below the iron pan 

contentswere. similar to that of the parent material. 

There appeared to have been overall losses of Co, Cu and Mn from the 

main part of the profile (0 to 65 ems.) probably as a result of leaching by 

.acid groundwater and reducing conditions in the surface. 

In the Ynys profile concentrations of Co, Fe and Mn were lower in the 

organic matter than in the subsoil, but Cu and Mn showed some enrichment in 

the litter layer. Concentrations of Co, Cu, Fe and Mn were lower in the soil 

profile than in the underlying shale. 

Concentrations of Co, Mn and Fe were very low throughout the Caron peat 

profile compared to concentrations in the Hiraethog and Ynys series. Copper 

contents indicated enrichment in the litter layer and an inerease:lon reaching 

the more mineral soil at the base of the profile, compared to the contents of 

the bulk of the profile. 

(d) Extractable Soil. Metal Contents  

Proportions of total Co, Cu and Mn extracted by EDTA from the Hiraethog 

profile varied considerably between horizons. The highest proportions of total 

Co and Mn were extracted from the 0 horizon (75 and 90% respectively) but the 

largest proportion of the total Cu content was removed from the Ea horizon. 
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Proportions of total Co, Cu and Mn extracted from the 0 horizon of the 

Ynys series were considerably higher than those extracted from the subsoil. 

In the Caron profile proportions of total Co, Cu and Mn extracted by . 

EDTA were variable and showed no consistent trend with depth. In general the 

ranges of EDTA extractable CO, Cu and Mn contents of the three soil series 

were fairly similar. 

(e) 	Soil-Rock-Stream Sediment Relationships  

A summary of data from the detailed profile investigations is given 

in Table 36. Fairly wide ranges of Co, Cu, Mn and Fe concentrations were found 

in samples of Silurian shale collected from the profile pits, probably due to 

variations in the degree of weathering at the base of the profile. Results 

were similar to those obtained in previous studies (Horsnail, 1968). The 

Hiracthog, Ynys and Caron topsoils and subsoils contained lower mean concen-

trations of Co, Cu, Mn and Fe than rocks, indicating that these soils have been 

depleted of trace elements, probably as a result of leaching due to extreme 

soil acidity and poor drainage, as suggested in previous work (Nichol et al, 

1967). 

The mean Cu content of the stream sediments was lower than that of rocks 

and soils, suggesting that Cu is being retained in the soils, probably as a 

result of fixation by organic matter. The stream sediments showed enrichment 

of Fe, Co and Mn in relation to mean contents of soils and rocks, confirming 

suggestions by previous workers that Co, Fe and Mn are leached from the Moorland 

soils and precipitated in the relatively alkaline and oxidising environment of 

the stream (Nichol et al, 1967; Horsnail, 1968). 

B. 	The Manod-Ynys-Caron Sequence 

Three profiles in one catchment were examined and data are shown in 

Table 37. 

(a) 	Eh,_ pH and Soil Profile Morphology  

The.  Manod series profile on the hill top was shallow aryl freely drained. 

Eh was positive throughout the profile. pH decreased with depth from 5.7 at 

the surface to 4.3 in the C horizon. 



TABLE 37: Soil Profile Data from the Manod-Ynys-Caron Soil Sequence on the Denbigh Moorland 

Depth (cms)Mottles 	Colour 	Eh(mv) pH Total Metal Content 	EDTA-Extractable 	Loss on Mechanical Analysis (5) 
and 	 (ppm) 	Metal Content 
Horizon 	(%) 	' Co Cu 	Fe(%) Mn Co 	Cu 

(a) Freely Drained Hill Top (Manod Series). Slope 3.  

0-5 

5-15 

15-30 
30-55 

(17) (7) 

	

30.8 4.8 420 - 	- 
(b) Poorly Drained Hill Slope (Ynys Series). Slope 1*  

0-10 	La] 0 ,.. 	SYR2/2 	+70 	5.1 13.6 75.2 	1.8 112 	3.0 35.0 
(22) (47) 

10-30 1 	0 0 	5YR3/1 	-70 	4.9 17.2 16.8 	1.0 	60 	8.2 10.4 
(48) (62) 

30-60 H 	0 	5YR3/1 	-90 	5.4 19.2 22.0 	0.7 152 	6.7 	7.0 
(35) (32) 

60-90 J 	0 	SYR3/1 	-120 	5.2 8.4 24.0 	0.5 120 	3.0 	6.0 
(36) (25) 

90-100 Cg 	0 	10YR4/1 	-170 	5.3 10.4 .34.8 	0.7 144 	2.2 11.0 
(21) (32) 

(c) Moderately Drained  Area Close to the Stream (Caron Series). Slope 0.  
0-10 	L/F 	0 	5YR2/1 	+290 	4.1 36.0 20.0 	0.4 108 	2.2 	9.6 

(6) 	(48) 
10-20 1 0 	5YR2/1 	+300 	3.8 36.0 20.8 	0.5 	64 	1.5 	7.2 

(4) 	(35) 
20-30 	0 	SYR2/2 +300 3.7 4.0 38.8 2.7 24 1.3 8.1 

(33) (21) 
30-50 _I 	0 SYR2/2 	+300 	3.7 4.4 117.6 	0.3 	24 	1.5 44.6 

50-70 	0 
(34) (38) 

5YR2/2 +80 3.9 7.2 82.0 1.2 60 3.0 45.0 
(42) (55) 

70-80 C 	0 	5YR3/1 +10 4.7 9.6 66.0 1.6 92 0.7 28.6 
(7) 	(43) 

(ppm) 
Mn 

Ignition Fine Coarse 
'(%) 	Sand 	Sand 

Silt Clay 

24 17.51 
(33) 2.3 3.2 62.0 25.0 
10 17.3( 

(11) 
4 8.) . N.D. N.D. N.D. 

(2)  
8 4.8 N.D. N.D. N.D. N.D. 

(3)  
- 

38 70.8 N.D. N.D. N.D. N.D. 
(34) 

30 75.8 N.D. N.D. N.D." N.D. 
(50) 

96 79.4 N.D. N.D. N.D. N.D. 
(63) 

76 78.6 N.D. N.D. N.D. N.D. 
(63) 
110 20.4 2.8 2.0 43.0. 34.0 
(76) 

76 83.4 N.D. N.D. N.D. N.D. 
(70) 

44 86.0 N.D. N.D. N.D. N.D. 
(69) 

7 93.0 N.D. N.D. N.D. N.D. 
(29) 

8 87.9 N.D. N.D. N.D. N.D. 
(33) 

8 53.7 N.D. N.D. N.D. N.D. 
(13) 

4 25.6 N.D. N.D. N.D. N.D. 
(4) 

Shale 

1 
Ea 
J 

.13Fe 
C 

R 	. 

0 

0 

0 

- 

10YR3/3 

10YR3/3 

10YR5/3 

2.5Y4/4 

+250 

+250 

+270 

+250 

5.7 

5.7 

4.7 

4.3 

- 

7.6 

8.8 

17.2. 

12.8 

16.0 

	

8.0 	2.6 	72 	3.7, 3.6 
(4sr (45) 

	

8.4 	2.9 	'92 	0.7 	2.4 
(8) 	(29) 

22.0 6.0 220 2.2 4.0 
(13) (18) 

34.8 5.4 292 2.2 2.4 

N.D.  

) Extractable metal content as a proportion of total metal content (%).-MN.D. Not Determined 
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The Ynys series on the slope was very poorly drained, particularly 

below the litter layer. 	pH remained fairly constant throughout the profile. 

The grey colour of the mineral horizon appeared to be the result of heavy 

gleying under reducing conditions. 

The Caron peat near the stream was moderately drained and Eh readings 

were positive throughout the profile. 	The pH of the peat varied from 3.7 

to 4.1 and was lower than in the Manod and Ynys profiles. 	pH increased 

slightly to 4.7 at the base of the profile. The peat was composed of plant 

debris in various stages of decay, becoming more amorphous with depth in the 

profile. This profile differed considerably from the Caron peat sampled in.  

Catchment 4 of the Hiraethog-Ynys-Caron sequence, which was poorly drained 

and gave negative Eh readings below 75 ems. 	In the latter profile the peat 

was about twice as deep as that described in this section. 	The contrast 

between the two Caron profiles appears to be the result, therefore, of 

differences in profile drainage and the depth of the peat. 

(b) Mechanical Composition and Organic Matter Content  

The Manod topsoil contained a very large proportion of silt-size 

particles and a very small proportion of sand compared to the freely drained 

Powys and Denbigh series on the Upland. The particle size distribution in 

the Manod topsoil was very similar to that of the poorly drained Cegin series. 

Organic matter content decreased sharply from 17% at the surface to 8% in the 

BFe 
and 5% in the C horizon, and was considerably lower throughout the profile 

than in the Ynys or Caron series. 

The mineral subsoil of the Ynys profile contained little sand, but a 

considerable proportion of clay. Organic matter content decreased sharply from 

70 to 80% in the top 90 ams. to 20% in the subsoil. Organic matter contents 

indicated a more mineral horizon was reached at 70 axis. in the Caron profile. 

(c) Total Soil Metal Contents  

Total trace element distribution in the Manod profile was similar to 

that found in other podzol profiles studied in Devon and Denbighshire; Co, Cu 

Mn and Fe had undergone leaching from the Ea horizon and enrichment in the 
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B
Fe 

horizon. 	The Co, Cu, Mn and Fe contents of the C horizon tended to 

reflect concentrations of these elements in the parent material. 

The highest concentrations of Co and Mn occurred in the 30 to 60 ems. 

• layer of the 0 horizon of the Ynys series. 	Copper showed considerable surface 

enrichment compared to the rest of the profile. 

In the Caron profile concentrations of Co and Mn were higher in the 

surface than in the rest of the profile, where Co contents ranged from 4 to • 

9.6 p.p.m. and Mn contents from 24 to 92 p.p.m. 	This could be the result of 

leaching of Co and Mn from the poorly drained Ynys soil upslope and precipitation 

in the relatively oxidising environment of the stream bank or, alternatively, 

accumulation in plant residues. Copper concentrations increased from 20 p.p.m. 

at the surface to 118 p.p.m. in the 30 to 50 cms. region and decreased to 

66 p.p.m. at the base of the profile. The high Cu content of the 30 to 50 cms. 

layer was not associated with any particular soil morphological feature, but 

could be the result of changes in the botanical composition of the peat. 

(d) 	Extractable Soil Metal Contents  

More Co and Mn were extracted from the 0 to 5 cms. layer of the Manod 

. profile than from the lower regions, and similarly the largest proportions of: 

total soil Co, Cu and Mn were removed from the surface by EDTA. 

In the Ynys profile larger proportions of total Co were extracted from 

the humus layer than from the litter layer and the mineral horizon. Amounts of 

Cu extracted decreased with depth in the profile, but the reverse was true for 

Mn. 

Amounts of Co extracted from the Caron peat were fairly constant with 

depth, but varied as proportions of total Co extracted. Extractable Cu contents 

were highest between 30 and 70 cms. depth, but extractable Mn showed a sharp 

decrease from 76 and 44 p.p.m. in the top 20 cms. to 7 p.p.m. in the 20 to 

30 ems. layer. The proportions of total Mn extracted by EDTA showed a decrease 

with depth in the profile from 70% at the surface to 4% in the mineral horizon, 

suggesting that Mn may be held in forms differing in ease of extractability 

according to the degree of decomposition of the organic matter. 	Changes in the 
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botanical and chemical composition of the peat may be responsible for much of 

the variation in EDTA-extractable Co, Cu and Mn contents within the Ynys and 

Caron profiles. 

(e) 	Soil-Rock-Stream Sediment Relationships 

Data for the distribution of Co, Cu, Mn and Fe in soils, rocks and 

stream sediments on the Denbigh Moorland are shown earlier in Table 36 and the 

Ynys and Caron series have been discussed on page 126. . 	In the Manod series 

mean Co, Cu, Fe and Mn contents of topsoil and mean Co and Mn contents of sub-

soil were lower than mean concentrations in rocks. The depletion of the Manod 

topsoil is a result of redistribution of Co, Cu, Mn and Fe during podzolisation. 

It appears that Co and Mn are removed from the soil as a whole, probably due to 

leaching by acid groundwater. 

The mean Co and Mn contents of the stream sediment were considerably 

higher than concentrations in the Manod soil, confirming the enrichment of 

these elements in sediments in relation to the Moorland soils. 

(iv) Partial Extraction of Topsoils from the Denbigh Moorland 

Topsoil (0 - 15 ems) samples collected from the catchments at approxi-

mately 50 metre intervals in the transects were extracted with EDTA, acid 

ammonium acetate and neutral ammonium acetate. 

A. 	The Hiraethog-Ynys-Caron Sequence  

Results from Catchment 1 are shown in Table 38 and data for all catch-

ments are summarised in Table 39. 

(a) 	A Comparison of Extractants.  

Acid NH
4
Ac removed larger amounts of Cu and Mn from the Hiraethog top-

soil than did neutral NH4Ac, and EDTA extracted more Co, Cu and Mn than acid 

NH4Ac. 	Consequently the largest proportions of the total metal content were 

removed by EDTA and the smallest by neutral NH4Ac, which is to be expected in 

soils of high organic matter content. This was also the case for Co, Cu and 

Mn extracted from the Caron peat and for Cu and Mn removed from the Ynys top-

soil. Acid NH
4
Ac and EDTA, however,-removed similar concentrations of Co from 

the Ynys peat, which suggests that Co may be held in a different form in the 



TABLE 38: Extractable Cobalt, Co 

 

er and 	anese in To soils (0-15 cms) and Stream Sediment in Catchment 1 of the • SI• 

 

   

Hiraethog-Ynys-Caron Soil Sequence on the Denbigh Moorland Ranges and Means 

Group of 	COBALT (ppm) 	 COPPER (ppm) 	 MANGANESE (ppm) 
Samples 	Total Acid NH4Ac 	EDTA- 	Total Neutral NH AcAcid NH4Ac EDTA- 	Total Neutral NH AcAcid NH4Ac 	EDTA- 

Extractable 	Extractable 	Extractable Extractable Extractable 	Extractable Extractable Extractable 

2.4-4.0 0.2-1.6 0.1-3.6 9-14 0.2-2.4 0.0-4.8 1.2-6.0 25-51 3-24 6-36 8-46 
3.1 0.6 1.5 10.6 1.1 1.9 4.2 38 11 18 24 

(19),” (48) (10) '(18) (40) (29) (47) (63) 

Hiraethog 
Series 
H * 

Ynys 2.4-15.0 2.1-10.6 1.2-14.4 5.8-17.0 0.0-5.3 0.8-7.2 4.4-11.4 20-190 3-41 11-76 10-138 
Series 7.6 6.4 6.7 12.6 2.6 4.3 	. 7.8 ' 85 17 34 57 

[3] (84) (88) (21) (34) (62) (20) (40) (67) 
2 

Caron 6.0 1.8 3.6 19 1.2 3.7 7.6 100 36 48 64 
Series (30) (60) (6) (19) (40) (36) (48) (64) 

Stream 320 2.6 5.9 14 0.0 1.0 2.6 2050 211 480 750 
Sediment (1) (2) (7) (19) (10) (23) (37) 

	

*[] 	Number of samples 

	

.**( ) 	Extractable metal content as a proportion of total metal content (%) 



TABLE 39: A Summary of Extractable Cobalt, Copper and Manganese Contents of Topsoils  
(0-15 cms) and Stream Sediments on the Denbigh Moorland,  

Catchment Sample 	COEALT (ppm) 	 COPPER (ppm) 
Total Acid NH4Ac 	EDTA- 	Total Neutral NH4Ac Acid NH4Ac 	EDTA- 	Total 

Extractable Extractable 	Extractable Extractable Extractable 

MANGANESE (ppm) 
Neutral NH4Ac Acid NH Ac 	EDTA- 
Extractable Extractable Extractable 

To soil 2.4- 	0.2-10.6 	0.1-14.4 5.8- 	0.0-5.3 	0.0-7.2 
1 	g5 * 	15.0 	2.2 	3.3 	19.0 . 	1.3 	2.6 

4.4 	(50)** 	(75) 	11.1 	(12) 	(23)  

Sediment 320 	2.6 	5.9 	14 	0.0 	1.0 
(1) 	(2) 	 (7) 

Topsoil 2.4- 	- N.D.*** 	1.2-4.4 	5.8- 	N.D. 	N.D. 
2 	CO 	7.0 	2.8 	32.0 

4.8 	(58) 	15.3 

Sediment 6 	N.D. 	2.1 	7 	N.D. 	N.D. 
(35) 

Topsoil 1.4- 	N.D. 	0.0-14.4 9-27 	N.D. 	N.D. 
[113 	15.0 	2.5 	15.6 

3 	4.6 	(54) 

Sediment 20 	N.D. 	3.6 	12.8 	N.D. 	N.D. 
(18) 

Topsoil 4-16 
	

0.2-1.7 
	

0.5-5.4 
	

5.8- 0.4-0.9 

4 	[a] 	8.7 
	

1.0 	.3.1 
	

30.0 	0.7 
(11) 
	

(36) 
	

14.4 	(5) 

Sediment 25 
	

0.6 	1.5 	9.3 	0.0 
(2) 	(16) 
	

(9)  

1.2-11.4 20-190 
	

3-41 
	

6-76 	6-139 
5.9 	48 
	

13 
	

24 	28 
(53) 
	

(27) 
	

(50) 	(98) 

2.6 	2050 ' 	211 	490 	750 
(19) 	(10) 	(23) 	(37)  

3.4-3.8 12-290 N.D. 	N.D. 	20-64 
5.8 	101 	 37 
(38) 	 (37) 

1.3 	130 	N.D. 	N.D. 	42 
(19) 	 (32)  

2.4-14.0 13-390 	N.D. 	N.D. 	4-150 
7.0 	68 	 34  
(45) 	 (50) 

0.9 	503 	N.D. 	N.D. 	195 
(7) 	 (32)  

2.0-11.6 16-1208 5-43 	8-55 	2-420 
5.9 	353 	19 	27 	103 
(41) 	(5) 	(8) 	(29)  

3.7 	1032 	103 	212 	395 
(40) 	. 	(10) 	(21) 	(38) 

0.3-2.6 
1.5 
(10) 

0.8 

Topsoil 2.9 - 
	

0.3-1.1 

	

14.0 
	

0.7 

	

7.5 
	

(9) 

Sediment 92 	31 
(34)  

Topsoil 1.4- 0.2-10.6 
DO 	16.0 	1.3 

	

6.0 	(22) 

Sediment 6-320 0.6-31.0 

[5] 	92.6 	11.4 
(12)  

1.2-5.4 
	

7.1- 
2.7 
	

27.0 
(36) 
	

14.9 

79 	21 
(86)  

0.0-14.4 5.8- 
2.9 	32.0 
(48) 	14.3 

1.5-79.0 7-21 
18.4 	12.8 
(20) 

3.4-19.0 47-150 

	

8.1 	91 
(54)  

	

3.6 	7600 
(17)  

2.0-19.0 12-1208 

	

6.5 	132 
(45)  

0.9-3.7 130-7600 

	

2.4 	2263 
(19) 

4-17 
	

13-25 	14-60 
10 
	

19 	27 
(9) 
	

(20) 	(30) 

122 	332 	592 
(2) 	(4) 	(9) 

6-139 	2-420 
30 	76 
(23) 	(58) 

212-480 	42-750 
189 	325 
(8) 	(17) 

Yzmod - 
Yny2 - 
Caron 
Soil 
Sequence 

All 
Catch-
ments 

0.0 
	

0.4-1.3 
0.8 
(5) 

0.0 
	

0.0-1.0 
0.6 
(5) 

0.0 	0.0 

0.0-5.3 
	

0.0-7.2 
0.7 
	

1.6 
(5) 
	

(11) 

2-94 
18 
(14) 

103-211 
145 
(6) 

*E] Number of samples • 
**( ) Extractable metal content as a proportion of total metal content (%) 

	
***N.D. Not Determined 
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Ynys than in Hiraethog or Caron surface layers. 

More Co was extracted by acid NH4Ac and EDTA from the Ynys than from 

the other soils, and thts was also a larger proportion of the total soil metal 

content than was removed from the Hiraethog and Caron soils. Similar results 

were obtained for Cu, although there was little difference between amounts of 

Cu extracted by EDTA from the Ynys and Caron peats. Larger amounts of Mn were 

extracted from the Caron series by the three extractants than from the other 

soils, but proportions of total soil Mn extracted showed little variation 

between series. 

It appeared that Co and, to some extent, Cu were more mobile in the 

Ynys series than in the Hiraethog and Caron topsoils, but Mn mobility was 

similar in all series. The podzolisation process probably resulted in the 

leaching of more mobile fractions of the total trace metal content of the 

Hiraethog topsoil, and it seems likely that the peaty surface horizons of the 

different series vary in certain chemical and physical properties. 

(b) 	Relationships Between Extractable and Total- Soil Metal Contents and  

Plant Uptake of Co, Cu and Mn.  

In general, excluding samples with very high trace element contents, 

amounts of Co, Cu and Mn extracted from topsoils were fairly similar, but as 

proportions of total soil metal contents the extractable Co, Cu and Mn con-

tents showed variation between catchments. Sites with particularly high 

values were excluded since these were rare and were usually associated with 

the exposure of a seepage area to oxidising conditions. 

In Catchment 1, amounts of Co and Cu removed from topsoils by the 

partial extractants were not related to concentrations of Co and Cu in herbage 

samples. 	Similarly there was no relationship between the extractable Mn 

contents of topsoils and concentrations of Mn in herbage. When data from the 

four catchments were combined correlations were found (p = <0.01; n = 42) 

between 1) the total Cu contents of topsoils and concentrations of Cu in July 

herbage samples (r = 0.434), 2) the total Mn contents of topsoils and Mn 

concentrations in herbage collected in September (r = 0.469) and 3) EDTA- 
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extractable Mn and concentrations of Mn in September herbage samples (r = 0.467). 

It appears that if the total Mn and Cu contents of Moorland soils are 

known they are equally likely to be related to concentrations of Cu and Mn in 

herbage as EDTA-extractable soil Cu and Mn contents. 

(c) 	Soil-Stream Sediment Relationships  

In Catchment 1 the acid NH
4Ac-extractable Co content of the stream sedi-

ment was similar to the mean topsoil content, but the mean EDTA-extractable Co 

content of the soil was lower than that of the stream. Amounts of Cu removed 

from the stream sediment by the three extractants were smaller than mean 

extractable Cu contents of topsoils, but the reverse was true for Mn. Propor-

tions of the total Co, Cu and Mn contents extracted from the stream sediment 

were in all cases smaller than those extracted from topsoils. These results 

suggest that although the stream sediment was enriched in Co and Mn compared 

to catchment soils, large proportions of the total Co and Mn contents were 

fixed in a form which could not be extracted by the reagents used and therefore, 

at the time of sampling, relatively small amounts of Co and Mn were being 

precipitated in the stream. 

Similar results were obtained for extractable Co, Cu and Mn in Catch-

ments 2 and 3 and for extractable Co in Catchment 4. Amounts of Cu extracted 

from the sediment in Catchment 4 were lower than the mean extractable Cu 

contents of topsoils, but were similar as proportions of total Cu content 

extracted. Extractable Mn contents of the stream sediment were larger than 

mean extractable Mn contents of topsoils, both as actual amounts and as 

proportions of total Mn content, suggesting that freshly precipitated Mn was 

present in the sediment in Catchment 4 as a result of leaching from catchment 

soils under conditions of low pH and Eh. 

B. 	The Manod-Ynys-Caron Sequence  

One catchment was sampled and the results are shown in Table 40. 

(a) 	A Comparison of Extractants  

In all cases EDTA extracted more Co, Cu and Mn from topsoils than acid 

or neutral NB Ac • 	This was particularly noticeable in the case of the Caron 



TABLE 40: Extractable Cobalt, Copper and Manganese in Topsoils (0-15 cms) and Stream Sediment in the Manod-Ynys-Caron 
Soil Sequence on the Denbigh Moorland (Ranges and Means)  

Group of 	' COBALT (ppm) 	 COPPER (ppm) 	 MANGANESE (ppm) 
Samples 	Total Acid NH4Ac 	EDTA- 	Neutral NH Ac Acid NH4Ac 	EDTA- 	Neutral NH AcAcid NHLI! EDTA- 

'Extractable Extractable Total 	Extractable Extractable Extractable Total Extractable Extractable Extractable 

Manod 2.9-5.0 0.6-1.1 1.2-2.0 7.1-10.5 0.0 0.4-1.3 3.4-5.0 47-145 4-7 13-17 22-26 
Series 3.9 0.9 1.7 .  9.4 1.0 4-0 87 6 15 23 
[tl *  (23)** (44) (11) (43) (7) (17) (26) 

2 

Ynys 8-14 0.3 1.2-5.4 16-27 0.0 0.4-1.3 6.4-19.0 65-150 10-17 21-25 14-60 
Series 11 (3) 3.7 19.7 0.9 12.0 95 14 23 31 
[3] 1 (34) 2 (5)  (61) (15) '(24) (33) 

2 2 2 

Caron 123.5 0.8 72.6 17 0.0 0.4 9.0 15,200 370 464 7087 
Series (1) (59) (2) (53) (2) (3)  (47) 
[1] 

Stream 92 31 79 21 0.0 0.0 3.6 7,600 122 332 592 
Sediment (34) (86) (17) (2) (4)  (8) 

* [I 	Number of samples 
**( ) Extractable metal content as a proportion of total metal content (%) 
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peat, which was considerably enriched in Co and Mn. This enrichment was 

thought to be due to precipitation of Co and Mn from an enriched groundwater 

seepage under oxidising conditions, and is in marked contrast to Caron peat 

sampled in Catchment 1 of the Hiraethog-Ynys-Caron Sequence. 

EDTA-extractions indicated that large proportions of total soil Co, Cu 

and Mn contents are associated with soil organic matter in the Moorland environ- 

ment. 	In soils containing large proportions of organic matter such as the Ynys 

andCaron series, trace element mobility and plant availability are directly 

influenced by the formation of complexes and chelates, and the physical and 

chemical composition of the organic matter. 

(b) Relationships Between Extractable and Total Soil Metal Contents and  

Plant Uptake of Co Cu and Mn. 

There was no relationship between the Co, Cu and Mn contents of herbage 

and total or extractable Co, Cu and Mn contents of topsoils. 

(c) Stream Sediment-Soil Relationships  

The stream sediment was enriched in Co and Mn compared to all catchment 

soils except the Caron peat. Amounts of Co and Mn extracted from the sediment 

• therefore showed no relation to amounts extracted from the Manod and Ynys 

series, but EDTA-extractable Co in the sediment was similar to that of the Caron 

peat. EDTA-extractable Mn was much lower in the sediment than in the adjacent 

topsoil. 

Proportions of the total Co content of the stream sediment extracted by 

acid NH
4
Ac and EDTA were very large and indicated that Co was undergoing pre-

cipitation in the stream, as a result leaching of catchment soils under con-

ditions of low pH and Eh, as suggested by Nichol et al (1967), rather than 

elastic dispersion. 	This does not appear to be the case for Mn, however, as 

only 8% of the total Mn content of the stream sediment was extracted by EDTA. 
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3. 	DISCUSSION 

(i) 	The Denbigh Upland  

Detailed investigations of profile pits have indicated that soils of 

the "Denbigh Association" are depleted in Co and, in some series, Cu and Mn 

in relation to the parent material. 

The Powys series contained more organic matter in the surface horizon 

than the Denbigh, Sannan or Cegin series, probably because under natural 

conditions, at relatively low pH, an organic surface mat tends to form (Ball, 

1960). This mat is incorporated into the Ap horizon when the Powys series is 

ploughed up. Trace element depletion in the Powys series may be the result of 

(a) leaching by.organic acids from the soil organic matter or the natural 

vegetation before reclamation, or (b) relatively high mobility of Co, Cu and Mn 

due to low pH before the soil was limed. 

The initial suggestion (a) is that some form of incipient podzolisation 

process is involved, partly as a result of the topographic location of the 

Powys series. Studies of podzolisation (Bloomfield, 1955, 1955a, 1958; Davies, 

1970) have indicated that mobilisation of Fe and associated trace elements by 

compounds in the soil organic matter is unlikely. However organic compounds 

leached from the covering vegetation by rainwater (mainly polyphenols) and 

falling onto the soil, can form soluble compounds with Fe and trace elements, 

which are trans located down the profile and precipitated in the B horizon 

as a result of breakdown, due to microbial degradation of the organic molecules. 

Possibly under natural vegetation (heather, gorse and bracken) this process 

occurs on hill tops in the Denbigh Upland, but a podzol does not develop 

because soil acidity is not sufficiently low to inhibit the activities of soil 

fauna which tend to prevent the formation of distinct horizons. With reference 

to the second suggestion (b), soil pH rarely falls below 4 and at this value 

the solubility of Fe and Cu is low, although Mn and Co are relatively soluble 

(Lucas and Davis, 1961). 

Trace element depletion of the Powys topsoil is probably due to (a) 

with some contribution from (b) in the case of Mn and Co. In Catchment 1 of 
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the Powys-Denbigh-Sannan-Cegin soil sequence the continuous growing of barley 

may have accelerated trace element depletion of the topsoil by crop removal. 

The pH of the 'Denbigh topsoil was slightly lower than that of the sub-

soil in Catchment 1 of the Powys-Denbigh-Sannan-Cegin sequence, probably because 

the soil had not been limed for some time. The low Co content of the Denbigh 

topsoil is less likely to be the result of incipient podzolisation because of 

the topographic location of this series - water movement on slopes tends to be 

lateral rather than vertical (Russell, 1961). 	It may be the result, therefore, 

of leaching due to low pH before the soil was limed. pH values between 4 and 

4.5 have been recorded in topsoil of the Denbigh series (Ball, 1960) and at 

these values Co would be relatively mobile. The higher Mn content of the top-

soil compared to rocks and subsoil may be the result of recycling by plants 

and/or application of basic slag. 

Depletion of Co, Fe and Mn in the Sannan soil relative to the Silurian 

shale was probably the result of leaching under reducing conditions due to 

poor soil drainage, and in some cases low pH. This series also showed Cu 

depletion in relation to the parent material. With the exception of Mn con-

centrations, which were higher in the topsoil than the subsoil, concentrations 

of the trace elements studied were similar in topsoil and subsoil. 

The Cegin series was depleted in Co, Cu, Mn and Fe in relation to mean 

concentrations in the parent material, but concentrations were consistently 

higher in the topsoil than in the subsoil, possibly because pH was slightly 

higher and more oxidising conditions, indicated by positive Eh readings, pre-

vailed in the topsoil compared to the subsoil, where Eh readings were negative. 

Reducing conditions at the base of the profile appeared to have caused 

leaching of Co, Cu, Fe and Mn from the shale in both the Sannan and Cegin series. 

The similar clay contents of the "Denbigh Association" soils, which 

conformed to those found by Ball (1960), indicated similar rates of weathering 

of the parent material. However, the poorly drained Sannan and Cegin series 

contained considerably larger proportions of silt in the surface than the Powys 

and Denbigh series. In studies of similar soils grain size has been found to 

be generally smaller in wetter soils, probably because the material has been 
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sorted, because weathering is more intense in moister situations or because 

the material now occupying lower slopes has been exposed to weathering longer 

(Rudeforth, 1970). 	It is suggested that weathering of the soil minerals is 

greater where drainage is poorer, and this may contribute to trace element 

depletion of the Sannan and Cegin series, particularly depletion of Cu which 

is not normally affected by redox potentials in soils. 

There appeared to be accumulation of Cu and Mn in the surface of the 

Cegin series as a result of recycling by plants or precipitation from ground-

water seepage. The soil organic matter content was relatively high, probably 

because waterlogging slows down the rate of decay by inhibiting microbial 

activity. 

The Aled series is derived from local alluvium and is generally 

moderately drained. This series did not show the marked trace element depletion 

in relation to the underlying shale found in other Upland series, probably 

because it is a relatively young soil in which weathering and profile differ-

entiation have not proceeded to the stage of development found in the soils 

of the "Denbigh Association". 	Periodic waterlogging, possibly due to flooding, 

has led to the development of slight mottling and higher extractable Co and Mn 

contents in the topsoil than in the Denbigh series. Slight enrichment of 

stream sediments in Mn and Fe compared to mean concentrations in topsoils in 

the Denbigh-Aled sequence suggests some mobilisation of these elements may 

occur in the Aled series, but not to the extent observed in theSannan and 

Cegin series. 

Stream sediments showed overall enrichment in Co, Fe and Mn compared 

to mean concentrations in topsoils from the profile pits and in Fe and Mn 

compared to mean concentrations in rocks. 	Concentrations of Co in rocks and 

sediments were similar and Cu contents were similar in all three media. The 

main source of mobile Co, Fe and Mn is thought to be the poorly drained Sannan 

and Cegin soils, where reducing conditions prevail, particularly the Sannan 

.series, which was the soil most severely depleted of trace elements compared 

to the parent material. Results of the present study confirmed those from 
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the regional geochemical reconnaissance of the area (Nichol et al, 1967) 

which indicated that mean Co and Mn contents of stream sediments showed slight 

enrichment in relation to mean Co and Mn contents of freely drained brown 

earths (Horsnail, 1968). 

Stream sediment data for Co, Cu, Fe and Mn will not indicate differences 

in concentrations of these elements between soil series within a catchment, 

such as Co depletion in the Powys series or Cu depletion in the Sannan in 

relation to the parent material and the other soil series. The location of 

these soils must be taken into account in the overall interpretation of stream 

sediment data for Co, Cu, Mn and Fe in catchments where the "Denbigh Association" 

is found. 

(ii) The Denbigh Moorland , 

Data from detailed profile investigations indicated that the soils of 

the Denbigh Moorland are depleted in Co, Cu, Fe and Mn in relation to the 

underlying Silurian shale. 

Concentrations of Co, Cu, Fe and - Mn in the O,Ea and B horizons of the 

Hiraethog series reflected redistribution resulting from podzolisation, while 

the trace element content of the C horizon was similar to that of the parent 

material. Results of the present study confirmed those of earlier investi-

gations of the Hiraethog series (Bower, 1970), and trace element distribution 

showed similar trends to that in podzols in Devon, described in Chapter V, 

pages 90 to 92. 	Maximum trace element accumulation in the BFe 
horizon, 

associated with podzolisation, may occur in the iron pan itself, or immediately 

below. It has been suggested that variations in types or proportions of 

organic compounds causing Fe and other elements to migrate are dependant on 

the plant species involved in podzolisation, and may determine the depth at 

which the iron pan occurs (Bloomfield, 1955a). Plant species and other factors 

such as Eh and pH may also control the depth of the zone of maximum trace 

element accumulation, due to variations in the stability of the chelates formed 

With trace elements by the polyphenols and other organic compounds, thought 

to be responsible for Fe migration during podzolisation (Bloomfield, 1955; 
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Davies, 1970), and therefore the depth to which they are displaced down the 

profile. 	Cobalt has been found to be displaced further down than Fe in pod- 

zols due to the formation of more stable Co chelates (Kubota, 1965), but this 

was not observed in the Hiraethog series. In earlier studies of the Hiraethog 

series multiple regression analysis indicated that Co and Mn were associated 

with organic matter in the surface but with Fe in the lower horizons, while Cu 

was associated with organic matter throughout (Bower, 1970). 	The decrease in 

proportions of total soil Co and Mn extracted by EDTA with depth in profiles 

in the present study tends to confirm the decreasing association of these 

elements with organic matter from the surface horizon downwards. 

Low pH and Eh conditions in the Ynys series resulted in trace element 

depletion relative to the parent material. The organic surface horizon con-

tained lower Co and Fe concentrations, higher Mn concentrations and similar Cu 

concentrations compared to the mineral subsoil. Larger proportions of Co aid 

Cu were extracted from the surface by EDTA. than from Hiraethog and Caron top-

soils, possibly due to variations in Eh and/or the botanical, chemical and 

physical composition of the peat. 

The Caron series was also depleted in Co, Cu, Mn and Fe compared to 

mean concentrationsin the parent material, but showed some surface enrichment 

of Cu. Surface enrichment of Cu was noted in several Moorland profiles and may 

be the result of aerial contamination, as suggested by Jenkins and Davies (1966) 

It has been noted that aerial deposition of many trace elements is small but 

significant in most rural areas. Amounts deposited may be important where 

soils are inherently low in trace elements (Bower, 1970). Alternatively, or 

in addition, Cu may accumulate in plant -residues. 	Copper fixation by plant 

fibre has been demonstrated by Kee and Bloomfield (1961), and relatively high 

concentrations of Cu were found in surface layers of Irish peats (Walsh and 

Barry, 1958). 	Fluctuations in trace element contents within peat profiles 

are thought to be the result of changes in the chemical composition of 

individual bog species. 

Trace element depletion of soils compared to concentrations in the 
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Silurian shale, and heavy enrichment of Co and Mn in the majority of stream 

sediments, confirmed that the soils of the Denbigh Moorland are subject to 

severe leaching as a result of acid conditions and poor soil drainage in this 

high rainfall situation, as suggested in previous work (Nichol et al, 1967). 

Concentrations of Cu in soils and stream sediments were lower than the mean 

Cu content of the rocks due to leaching in acid groundwater. The mean Cu 

content of sediments was lower than that of topsoils and subsoils, suggesting 

there is some Cu fixation, probably by organic matter, occurring in the Moorland 

soils. 	Similar results were obtained in earlier work by Butt (1971). 

Results of investigations using partial extractants indicate that 

organic matter has a direct influence on trace element availability in the 

Moorland soils, and extractability of Co, Cu and Mn may depend on the botanical, 

chemical and physical composition of the peat. The large proportions of total 

Co and Mn extracted from stream sediments suggests the occurrence*of mobili-

sation and leaching of these elements, as found by Horsnail (1968), associated 

with heavy Mn and Fe staining in the stream bed and bank soils. 

There was generally considerable enrichment of Mn in plants compared 

to topsoils, particularly in heather (Calluna vulgaris), but also in grasses, 

confirming earlier studies (Bower, 1970). 

(iii) A Comparison of the Denbigh Upland and Moorland  

A summary of data for stream sediments, rocks, topsoils and herbage is 

given in Table 41. 

A. 	Stream Sediments  

The mean Eh of stream waters on the Upland and Moorland was similar, 

but pH was lower in Moorland than Upland streams because of the extreme 

acidity of the groundwater percolating from the Moorland soils. These results 

confirm previous work (Nichol et al, 1967). The mean organic matter content 

of the Moorland sediments was higher than that of the Upland, probably due to 

the high peat content of many of the streams. 

As in previous studies (Nichol et al, 1967) mean total Co and Mn contents 

of Moorland sediments were considerably higher than concentrations of these 



TABLE 41: A Summary of Data for Stream Sediments, Rocks, Topsoils C0-15 cms) and Herbage from the  
Denbigh irpaid *arid Moorland  

Parameter 
Measured The Denbigh Upland The Denbigh Moorland 

Sample 
Type 

Stream 
Sediment Rock Topsoil 

(0-15 	cms) 
Herbage 
sampled 
in July 

Herbage 
sampled 
in 
September 

Stream 
Sediment Rock Topsoil 	Herbage 

(0-15 cms)sampled 
in July 

Herbage 
sampled 
in 
September 

0-1 
P  

H 
-1-3  

A-) 
0 0 

E  
P-I 

,r:) 
t 

rti 

0 

< 
rd 

Q
v   7  

Eh(mv) 

pH 

Organic 
matter 
content(%) 

Co 

Cu 

Mn 

Fe(%) 

Co 

No. 	of 

samples  

+80to+270 
+170 

5.0-6.5 
5.9 

0.8-4.1 
2.0 

15.0-26.7 
20.0 

10-32 
21.6 

496-1030 
868 

4.9-8.4 
5.9 

5.4-6.8 
6.2 

2.8-14.0 
4.5 

96-860 
297 

8 

17.2-34.4 
22.6 

-12.8-40.0 
25.7 

168-1032 
413 

3.2-5.0 
4.3 

- 

_ 

11 

-260to+220 
+100 

3.8-6.8 
5.3 

4.1-37.3 
13.8 

5.6-28.0 
16.7 

11.3-90.0 
25.1 

40-1944 
755 

2.7-13.2 
6.4 

0.0-10.0 
4.2 

2.4-16.8 
7.9 

8-716 
326 

99 

N.D.* 

2.9-18.7 
7.7 

16-560 
136 
20-1150 
218(ppm) 

- 

 - 

- 

'.100 

0.02-0.23 
0.09 

5.2-24.8 
12.2 

16-584 
189 

100-1330 
318 

- 

- 
 

- 

102 

+130to+230 
+190 

3.4-6.1 
4.5 

1.8-64.4 
38.7 

6-320 
56.9 

7-21 
12.8 

130-7600 
4265 

5.6 
(1)** 

1.5-79.0 
18.4 

0.9-3.7 
2.4 

42-750 
395 

5 

16.0-36.8 
26.7 

20.0-77.6 
34.3 

292-520 
405 

4.2-5.6 
4.9 

7 

-230to+290 
+140 

3.1-5.1 
4.3 

11.3-98.5 
57.6 

1.4-16.0 
6.0 

5.8-32.0 
14.3 

12-1208 
132 

0.1-0.2 
0.1 
(9) 

0.0-14.4 
2.9 

2.0-19.0 
6.5 

2-420 
76 

49 

N.D. 

2.9-12.6 
7.6 

26-1600 
257 

30-380 
143 

70 

0.04-0.29 
0.13 

2.0-15.4 
8.1 

55-835 
256 

50-680 
200 

67 
*N.D. Not Determined **( ) Number of Samples 
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elements in Upland sediments, but the reverse was true for Cu. 	Iron and Mn 

staining of Moorland sediments was more marked than in Upland streams, confirm-

ing previous observations (Horsnail, 1968; Thornton, 1968). In the Moorland 

environment leaching of Co, Cu, Mn and Fe from soils is more intense than on 

the Upland because soils are more acid, poorly drained and rainfall is higher. 

The lower mean Cu content of Moorland sediments is thought to be due to 

fixation of Cu by soil organic matter which prevents leaching, as found by 

Butt (1971). 	The relatively large proportions of total Co and Mn contents 

extracted from stream sediments compared to topsoils by EDTA is thought to 

indicate mobilisation and leaching of these elements in both environments. 

B. Rocks  

Although there were variations between Co, Cu, Mn and Fe contents of 

individual samples, probably due to differences in the degree of weathering, 

there was little difference between mean trace element contents af Silurian 

shale from the Upland and Moorland, confirming that differences in trace 

element contents of soils are primarily the result of pedogenesis under the 

different environments. 

C. Topsoils  

As in previous studies (Nichol et al, 1967) the mean Eh and pH of 

Moorland soils were lower than those of the Upland. 	In the post-glacial 

climatic deterioration acid soils and peat developed in the area now occupied 

by the Denbigh Moorland, but not on the Upland, mainly because of higher 

altitude and resulting lower mean temperatures and higher rainfall, which 

inhibited the activities of soil fauna and flora normally responsible for the 

comminution and decomposition of organic matter. Eventually peat development 

eliminated trees and led to the establishment of typical moorland vegetation. 

The relatively low concentrations of Co, Cu, Mn and Fe in Moorland soils, 

compared to the Upland, reflect the intense leaching which occurs in this 

environment. 

D. Herbage  

Mean concentrations of Cu, Fe and Mn in herbage (predominantly pasture 

grasses) on the Denbigh Upland were higher in September than July, confirming 
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results for Cu and Mn in earlier studies (Reith et al, 1964). This tread was 

not apparent for the Moorland herbage as a whole, but considering grasses alone 

mean Cu and Mn contents increased from 6.9 p.p.m. and 103 p.p.m. respectively 

in July to 9.2 and 162 p.p.m. respectively in September, which was slightly 

lower than mean concentrations of Cu and Mn in pasture on the Upland, possibly 

due to species differences and low "availability". The mean Co content of 

Moorland grasses was 0.13 p.p.m., slightly higher than that of Upland herbage. 

Concentrations of Cu in grasses on the Upland and Moorland generally 

contained more than the minimum dietary requirement of 5 p.p.m. Cu in dry matter 

required by sheep (A.R.C., 1965). However, whereas the Upland soils are 

generally limed and fertilizers (including basic slag) applied and have a mean 

pH of 5.3, liming is not carried out on the Moorland (mean soil pH 4.5). 

Attempts to reclaim the Moorland soils by drainage,“liMing,:reseeding with 

improved pasture species and fertilizer applications could reduce trace element 

"availability", resulting in low concentrations of trace elements, particularly 

Cu, in herbage and possible deficiency symptoms in grazing livestock. 
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4. 	SUMMARY 

(i) 	Interpretation of Stream Sediment Data 

A. 	New Evidence  

(a) On the Denbigh Upland and Moorland stream sediment data for Co, Cu, Fe 

and Mn cannot indicate differences in concentrations of these elements between 

soil series within a catchment, such as Co depletion in the Powys series or Cu 

depletion in the Sannan in relation to the parent material. 

(b) The location of soils must be taken into account in the interpretation 

of stream sediment data for Co, Cu, Mn and Fe in catchments where the "Denbigh 

Association" is found and on the Moorland as a whole. 

(c) On the Denbigh Moorland soils contained higher mean Cu concentrations 

than stream sediments and this is thought to be due to fixation of Cu by soil 

organic matter and/or aerial deposition of Cu, in the case of the soil surface 

horizon. 

(d) Partial extractants removed amounts of Co, Cu and Mn from stream sedi-

ments which were not related to extractable, metal contents of topsoils. However 

it was found that in'some catchments where stream sediments showed Co and Mn 

enrichment relatively large proportions of the total Co and Mn contents of the 

sediments, confirming that mobilisation and leaching of these elements from 

catchment soils had occurred. 

B. 	Confirmation of Previous Studies.  

(a) On the Denbigh Upland mean Co, Mn and Fe contents of stream sediments 

were only slightly higher than mean contents of topsoils, whereas Moorland 

sediments showed heavy enrichment indicating that although leaching losses 

from Upland soils have occurred they do not compare with the severe depletion 

found on the Moorland, as a result of extreme soil acidity, high rainfall and 

poor soil drainage. 

(b) Iron, and Mn staining in Moorland streams, associated with enrichment of 

Co, Mn and Fe, was generally more marked than on the Upland. 

(ii) Variations in Co, Cu, Mn and Fe Contents Within and Between Soils  

(a) 	The soils of the Denbigh Upland and Moorland showed depletion of one 
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or more of the trace elements studied in relation to concentrations in the 

parent material. 

(b) On the Upland mean total Co and Fe concentrations were slightly lower 

in topsoils of the Powys, Denbigh, Sannan and Aled series Linn in subsbils, but 

the reverse was true for the Cegin series. Mean Cu and Mn contents of topsoils 

were consistently higher than concentrations in subsoils. 

(c) On the Moorland mean total Cu and Fe concentrations were lower in top-

soils of the Hiraethog, Ynys, Caron and Manod series than in subsoils. This 

was also true for Cu and Mn in the Hiraethog, Caron and Manod series, but in 

the Ynys Cu and Mn concentrations were slightly higher in the topsoil than in 

the subsoil. 

(d) On the Upland EDTA-extractable metal contents generally decreased with 

depth in the profile, associated with decreases in organic matter content. 

(e) Trace element distribution in the Hiraethog and Manod series is primarily 

the result of the podzolisation process. The depth of the iron pan and the 

zone of maximum trace element accumulation within the B
Fe 

horizon may depend 

on the plant species involved in podzolisation. 

Enrichment of Cu in the surface of Moorland soils was frequently noted 

and may be the result of fixation by plant material and/or aerial deposition. 

(g) Differences between trace element contents of topsoils of various 

series are the result of differences in topographic location and the effects 

of soil drainage and podzolisation. 

(h) On the Denbigh Upland the mobility of Co, Cu and Mn, as assessed by use 

of partial extractants, was greater in the poorly drained Cegin series than 

in the brown earths. 

(i) On the Moorland Mn mobility was similar in all series but Co and Cu 

were more mobile in the Ynys possibly due to poor soil drainage and different 

composition of the peat, compared to the Hiraethog and Caron series. 

(iii) Soil-Herbage Relationships 

	

'(a) 	There was a seasonal increase in Cu, Mn and Fe contents of grasses both 

on the Upland and Moorland. 
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(b) Mean concentrations of Cu and Mn in Moorland grasses and Fe in Moorland 

herbage generally, were slightly lower than in Upland pasture herbage, possibly 

due to species differences or lower "availability" in the soils. Moorland 

herbage, however, showed enrichment in Mn in relation to concentrations in 

topsoils. 

(c) Mean Cu contents of grasses were generally lower than the minimum 10 

p.p.m. required by cattle (A.R.C., 1965) in early summer on both the Upland 

and the Moorland, and in autumn on the Moorland, but were generally higher than 

the 5 p.p.m. required by sheep, although some samples contained less than 

5 p.p.m. Cu. 

(d) On the Denbigh Upland total and EDTA-extractable soil Cu contents were 

related to concentrations of Cu in herbage. 	On the Moorland total soil Cu 

was related to concentrations of Cu in herbage; total and EDTA-extractable Mn 

were related to Mn contents of herbage. 	It is concluded that in some circum- 

stances EDTA may extract amounts of Cu and Mn from soils related to herbage 

contents of these elements, but this does not apply to Co. 
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PART C.  GREENHOUSE EXPERIMENTS 

CHAPTER VII. A STUDY OF COPPER ANDMAEGANESE  UPTAKE  BY PERENNIAL RYEGRASS 

(S.23) FROM SELECTED SOILS FROM DEVON AND DENBIGHSHIRE.  

1. INTRODUCTION  

Field investigations in Devon and Denbighshire, reported in Chapters 

III, IV, V, and VI, have provided information about the distribution of Co, Cu 

and Mn in stream sediments, rocks, soils and herbage under environmental 

conditions specific to each sampling area. Greenhouse experiments were 

carried out on selected soils of different series, parent material, topographic 

location and drainage status in order to investigate the uptake of Cu and Mn 

by plants from these soils under, as far as possible, identical environmental 

conditions. 	Unfortunately it was not possible to investigate Co uptake as 

samples obtained during the greenhouse experiments were too small for Co 

analysis. 	S.23 perennial ryegrass was grown as a test crop as it is a 

reliable variety used by many workers, and all results for Cu and Mn uptake 

refer to this variety. 

In addition the effect of applying nitrogenous fertilizer on concen-

trations of Cu and Mn in ryegrass was investigated as this is normal practice 

to increase grassland productivity under farm conditions. 

2. EXPERIMENTAL DESIGN AND DETAILS 

The greenhouse trials were carried out on the roof of the Royal School 

of Mines, Imperial College. Aerial contamination with Cu and Mn is unlikely 

(Commins, pers.comm., 1968). Trials were carried out from spring to autumn 

1969. Artificial lighting was not used and the air temperature was maintained 

at above 20°C. 

The trials were laid down as follows: plastic pots of 15 ems. diameter 

were filled firstly with a small quantity of glass wool (to aid drainage) and 

then, to within 2 cms, of the top, with a known quantity of well-mixed soil. 

The pots were sown with 0.5g. S.23 perennial ryegrass seeds. The grass was 

harvested every four weeks, beginning four weeks after germination, cutting 
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to within 2 ems. of the soil surface and taking care to avoid soil contamination. 

The material was dried for about 24 hours at 60°C., weighed and analysed for 

Cu and Mn. 

Eight soils were used in each of two trials, representing the major 

series from the areas studied in Devon (Trial 1) and Denbighshire (Trial 2). 

Three treatments were applied to each soil - 0, 200 or 400 units of nitrogen as 

ammonium nitrate - and each treatment was replicated four times, giving a total 

of 96 pots per trial. 	The pots were arranged in four randomised blocks. 

Nitrogen was added in two stages - half before the ryegrass germinated and half 

after the first harvest - to avoid failure of seed germination or scorching of 

the young seedlings. Deionised water was added throughout the experiment as 

required. 

3. 	POT TRIAL 1 - SOILS FROM DEVON  

(i) Introduction 

Descriptions of the soils and analytical data are given in Table 

42. The soils were bulk samples of the A horizon i.e. the main rooting zone 

for plants in the field. 	Detailed descriptions of the soil series are given 

in Chapter III, pages 21 and 23. 	The soils represent the main series 

found in topographic sequences in areas underlain by Upper and Lower Carboni-

ferous shales and Devonian slates in Devon. 

As time did not permit each of the eight harvests to be analysed for Cu 

and Mn, Harvests I and II were analysed to illustrate differences between soils 

while soil conditions were closest to those in the field and to observe the 

effects of nitrogen applications on the composition of young grass at the 

beginning of the season. 	Harvest VIII was also analysed to see if effects due 

to differences in soil type persisted throughout the period of the trial and to 

investigate the long-term effects of nitrogen. 

(ii) Results and Statistical Analysis  

Dry matter production and plant Cu and Mn contents are shown in 

Figure 20. Results for individual soils indicated that mean dry weight and Cu 

and Mn contents of ryegrass showed some significant variations between soils 



TABLE 42: Characteristics of Soils Used in Pot Trial 1  

:oil 	Soil 	Soil 	Topographic Drainage Mottles Eh pH 	Organic Texture 	Total Metal Content (ppm) EDTA-Extractable 	Acid NH4Ac Neutral NH4Ac 

	

Nu7::er Series 	Type 	Location 	(mv) 	Content Matter 	 Metal Content (ppm) EXtractable 
(%) Content 	 (ppm) 	(ppm) 

(%) 	Co 	Cu 	Mn Fe(%) Co 	Cu Mn 	Cu 	Mn 

'Halstow Surface Hill top Imperfect Slight 
	

Loam 
water 	Mottling +0.3 6.5 	28 	10.6 

	
25.8 	50.0 	510 	5.8 	3.0 	11.8 	330 	2.4 	185 	39 

Gley 	in root 
channels 

2 	Tedburn Surface Mid-Slope Poor 	Heavy 
water 	Orange -0.5 5.9 	31 	10.3 
Gley 	•• 	Mottles 

Loam 
24.4 36.0 332 4.0 6.8 16.8 212 2.6 164 	49 

3 Reedy Ground Adjacent Very Slight 
C,arplex water 	to stream Poor 	Orange -1.9 6.2 	42 	17.3 

Gley 	Mottles 

Loam 
18.4 39.2 300 4.4 6.0 16.0 152 2.2 113 	24 

Poorly 	Drown 	Upper 	Imperfect Slight 
Irained Earth 	Slope 	Mott- 	+0.7 6.4 	33 	15.7 
Lunsford with 	 ling 

Sleying 

Loam 
20.8 38.4 	632 4.7 12.0 10.8 330 2.0 	150 	39 

5 	Freely 	Prow n 	Hill 	Free 	Absent 	 Loam 
Lrained Earth 	Slope 	+2.3 4.8 	28 	9.1 	28.0 	36.0 	1280 	4.7 	4.6 	3.6 	494 	1.4 	170 	56 
Lunsford 

6 	Dunsford Brown 	Adjacent Moderate Slight 	 Loam 

	

Earth 	to stream 	Mottling +1.4 5.6 	27 	8.9 

7 	F.'arting- Erown 	Hill 	Free 	Absent 	 Loam +2.0 6.3 	36 	12.3 

	

ton . Earth 	Slope 

42.4 32.4 	1184 	4.2 19.2 12.4 1023 	3.0 	288 	102 

35.2 33.2 1104 5.2 14.0 	6.8 618 2.0 	152 	15 

	

25.6 38.4 284 4.8 3.0 18.0 272 3.4 196 	52 

 

 

3 	Pulsford Surface Adjacent Very 	Heavy 	 Loam 
water 	to stream Poor • Orange -2.1 5.7 	42 	16.7 
Gley 	Mottles 

 



1-1 

C 	 A 	S 	C 	 A 	B 	C 	 A 
Copper Content of Grass (p.p.m.) 

C A 
1-7 

B 

A 

a 1-4 
O 
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Trial 1 (Devon Soils).  
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(a) as a result of differences in soil type and (b) in response to nitrogen 

fertilizer, additions, 

The combined data for all soils were assessed statistically using analy-

sis of variance as shown below (Kempton, pers.conmi.1972). 

Source of Variation 
	

Degrees of 	Sums of 	Mean. , 	Variance 
Freedom 	Squares 	Square 	Ratio (F)  

Blocks 	 3 

Treatments 	23 

Soils (S) 	7 

Nitrogen (N) 	2 

Interaction (NXS) 	14 

Error 	 69 

When the variance ratio (F) was significant for the nitrogen treatments 

a modified Tukey's test was carried out (Snedecor, 1956) to distinguish between 

the effects of 200 and 400 units of nitrogen. 

At the beginning of the trial nitrogen applications had a significant 

effect on concentrations of. Cu and Mn in ryegrass, considering the combined 

data (p = <0.001). Concentrations of Cu and Mn were significantly higher 

where 200 units of nitrogen had been applied compared to the controls (p = 

Z0.05); 400 units had no effect on Cu contents but Mn concentrations were 

significantly lower than in the controls (p = <10.05). Mean dry weights 

(g.- shown below) indicated that the latter was not a dilution effect. 

Treatment Harvest I Harvest II Harvest VIII 

Control 2.2 2.4 2.5 

200 units of N 2.1 5.0 5.1 

400 units of N 0.7 0.5 0.6 

At Harvest II nitrogen had no effect on Cu, but Mn concentrations in ryegrass 

significantly increased at both levels (p = <0.001). At the end of the trial 

nitrogen applications were associated with a decrease in the Cu and Mn contents 

of herbage compared to controls (p = <0.001), and the effect was greater with 

400 than with 200 units (p = <Z0.05). 
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(iii) Discussion 

A. 	Concentrations of Cu and Mn in RyeEass on Individual Soils.  

Determinations of total and extractable Co, Cu and Mn contents, pH, Eh, 

clay and organic matter contents and total Fe contents were carried out on the 

soils before their use in the pot trial. Some of these features mayi,have 

changed during the experiment but physical properties, such as clay and organic 

matter contents, would remain constant. No overall simple correlations were 

obtained between soil properties measured and concentrations of Cu and Mn in 

ryegrass at the beginning of the trial. The results are discussed with reference 

to the catena from which the soils were taken. 

(a) 	Poorly Drained Soils Derived from Shales  of the Crackin ton Formation 

(Upper Carboniferous Rocks,North of Dartmoor - Soils 1 to 4).  

Dry weights at Harvest II were highest where 400 units of nitrogen had 

been applied, with the exception of the Tedburn series. It is well known that 

nitrogen applications increase not only dry matter production but also the size 

of cells, giving them a thinner cell wall and increasing the proportion of water 

in the plant (Russell, 1961). At high nitrogen levels other factors such as 

• the "available" potassium and phosphate contents of soils, may become limiting, 

which may have been the case on the Tedburn series. Dry weights were generally 

lower at the end of the trial than at Harvests I and II, possibly due to 

deterioration of drainage conditions in the pots. 

At the beginning of the trial Cu concentrations were slightly higher on 

the soils where Cu mobility, as assessed by the use of partial extractants, was 

greatest, i.e. the Tedburn and Reedy soils. In previous work (Mitchell et al, 

1957a) larger amounts of Cu were extracted by acetic acid and EDTA from poorly 

drained than from freely drained soils. This is probably due to increased 

weathering of soils which is thought to occur in poorly drained sites (Rudcforth, 

1970). 

Concentrations of Mn were generally higher in herbage at the end of the 

trial than at Harvests I and II, possibly due to increased Mn "availability" as 

a result of waterlogging in the pots and a seasonal increase in Mn contents, 
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which has been noted by other workers (Hemingway, 1962; Reith et al, 1964). 

A. number of workers, using a wide variety of nitrogenous fertilizers 

at different levels of application, have observed that nitrogen additions 

increase the Cu and Mn contents of herbage (Stewart and Holmes, 1953; 

Hemingway, 1962; Havre and Dishington, 1962; Archer, 1966). This appears 

to have occurred on some of the soils used in the trial. However other 

workers, particularly those applying heavy nitrogen dressings, have noted a 

decrease in Cu and Mn concentrations in herbage in response to nitrogen 

additions (Fleming and Delaney, 1961; Bosch, 1964; Knabe et al, 1964; Archer, 

1966; Reith, 1970). In some cases this is due to a dilution effect, i.e. Cu 

and En uptake does not decrease but the trace elements are distributed through 

a larger mass of plant tissue due to the associated increase in dry matter 

production. It has been suggested that the increased dry matter production 

may also lead to a more rapid "run-down" of the "available" trace element 

content of a given soil than where nitrogen fertilizer has not been applied 

(Whitehead, 1966; Reith, 1970) resulting in a real decrease in the content of 

herbage. This may have been one of the reasons why Cu and Mn contents of 

ryegrass tended to be lower in the nitrogen treatments at the end of the trial 

compared to the controls. Other factors such as changes in Eh and pH during 

the trial may also have affected Cu and Mn "availability". Since the Halstow 

and Tedburn series contained slightly lower proportions of organic matter than 

the other soils the run-down of "available" Cu may have occurred more rapidly, 

resulting in the consistently lower Cu contents of the nitrogen treatments 

compared to the controls. Concentrations of Cu in the controls at Harvest II 

reflected soil organic matter contents, indicating that this may also be a 

short-term factor influencing Cu "availability" in these soils where nitrogen 

has not been applied. 

On the whole, however, the Cu and Mn contents of ryegrass in all treat-

ments showed no apparent relationship with the individual soil properties 

measured or observed in the present study. Variations may have been due to 

changes in pH and Eh or the contents of other elements, such as potassium and 

phosphorus, in the soils. 
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(b) Freely Drained Soils on Shales of the CrackingtELLEmation (Soils 5 & 6). 

Dry weights were lower at the end of the trial than at Harvests I and II, 

possibly due to deterioration. in drainage conditions in the pots. Concentrations 

of Cu showed little variation between soils throughout the trial with the excep-

tion of the controls at Harvest II, in which Cu contents were much higher on 

the slope than the valley floor soil, possibly due to changes in Cu "availability" 

during the trial. Concentrations of Cu in ryegrass were generally slightly 

lower on the freely drained soils than on the poorly drained soils discussed 

in the previous section. 	"Availability" of Cu as assessed by partial extract- 

ants was considerably 
`
lower in the freely drained Dunsford soil on the slope 

than in the four poorly drained soils (1 to 4) but was similar in the valley 

floor soil (6) at the beginning of the trial.. 

Manganese contents were generally higher at the end of the trial than 

at Harvests I and II, as noted for soils 1 to 4, but showed little variation 

between soils and concentrations were similar to those in ryegrass on the poorly 

drained soils discussed previously. Concentrations of Cu and Mn in herbage did 

not appear to be related to any of the individual soil properties determined 

in the present study. 

(c) Soils Derived from Devonian Slates,East of Dartmoor (Soils 7 and 8).  

At Harvests I and II dry weight was slightly higher on the freely drained 

Dartington than the poorly drained Pulsford soil, possibly because the poor 

structure and high clay content of the latter restricted root growth, resulting 

in poor overall development of ryegrass. Dry matter production was lowest on 

both soils at the end of the trial, as found on the other Devon soils studied. 

There was little variation between Cu levels throughout the trial and Cu concen-

trations did not appear to be related to any of the individual soil properties 

determined in the present study. 

Manganese mobility, assessed as proportions of the total Mn content, 

removed by partial extractants, was higher in the poorly drained Pulsford than 

in the Dartington series (e.g. 96% and 56% of the total Mn contents respectively 

were extracted by EDTA). This reflected Mn concentrations in ryegrass in all 
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treatments at all harvests with the exception of the 400 units treatment at 

Harvest II. 	The Pulsford soil contained larger proportions of clay and organic 

matter than the Dartington and a larger "available" Mn content was possibly 

maintained throughout the trial. As on the other Devon soils, Mn levels in 

ryegrass were highest at the end of the trial. 

B. 	The Combined Data  

At the beginning of the trial concentrations of Cu and Mn in herbage were 

highest where 200 units of nitrogen had been applied to the soils. Where 400 

units of nitrogen were added Cu concentrations were not affected but Mn contents 

decreased - this did not appear to be a dilution effect (taking the data as a 

whole). An increase in Mn contents at both nitrogen levels occurred at Harvest 

II, but at the end of the trial concentrations of Cu and Mn were lower where 

nitrogen had been applied than in the controls and, for the combined data, the 

decrease was significantly greater with 400 than 200 units (p = <0.05). With 

the exception of Cu concentrations at Harvest II, the results suggest that 

nitrogen applications directly influenced Cu and Mn uptake by ryegrass. Other 

work on the effects of nitrogen fertilizers on Cu and Mn concentrations in 

. herbage is discussed earlier in this chapter (page 154). 

4. 	POT TRIAL 2 - SOILS FROM DENBIGHSHIRE  

(i) 	Introduction  

Soil descriptions and analytical data are given in Table 43. 

Detailed descriptions of the soil series are given in Chapter IV, pages 42 

to 44. . 	Soils 1 to 3, 6 and 8 were bulk samples of the A horizon. Soil 4 

consisted of the thoroughly mixed 0, Ea and BFe  horizons, representing the type 

of soil which would result from deep ploughing of the Hiraethog series in the 

event of reclamation. Soil 5 (Hiraethog) was set up with material from the Ea 

horizon at the base of the pot and peat on top to simulate the natural soil 

profile. Soil 7 (Ynys) was made up in a similar way to soil 4, by mixing the 

underlying mineral material with the surface peat. The Caron peat (6) was much 

more amorphous than the Ynys (8), which contained recognisable plant remains. 

Pot Trial 2 was carried out in the same way as Pot Trial 1 and material from 



TABLE 43: 	Characteristics of Soils Used in Pot Trial 2 

Sc!'.. 
N=Ler 

Soil 	Soil 
Series 	Type 

Topographic 
Location 

Drainage Mottles 	Eh 	pH 
(mv) 

Clay 
Content 
(%) 

Organic 
Matter 
Content 

(%) 

Texture Total Metal Content (ppm) 

Co 	Cu 	Mn 	Fe(%) 

=A-Extractable 
Metal Content (ppm) 

Co • 	Cu 	Mn 

Acid Nii.Ao 
Extraotan.e 

(ppm) 
Cu 	Mn 

Neutral 3:H,Ac 
1:2>.T.rdotable 

(ppm) 
Mn 

1 Lenbigh 	Brown 
Earth 

Hill Slope Free Absent +1.8 	6.0 24 12.9 Loam 13.2 26.0 956 2.7 2.2 6.8 238 1.6 188 35 

2 Pc..-vys 	Erown 
Earth 

Hill Top,  Free Absent +2.2 	5.4 22 29.7 Loam 18.0 20.8 760 3.2 3.0 5.6 	. 212 2.0 133 22 

3 Saran 	brown 
Earth 
with 
gleying 

Valley 
. Floor Poor 

Heavy 
Orange -0.7 	5.9 
Mottles 

34 9.3 Loam - 16.0 14.8 300 .3.6 7.6 5.6 186 2.6 138 41 

4 Eirantl,og Peaty 
mixed (0+ gleyed 
Ea+Efe) 	PrAzol 

Hill 
Top 

Free Absent +2.2 	4.5 26 48.6 Clay 
Loam 

12.8 8.0 88 4.1 9.0 1.6 6 1.8 4 0 

5 Hiraethog Peaty 
(Teat + 	gleyed 
Ea) 	Pcdzol 

Hill 
Top 

Free Absent +2.2 	4.6 22 
(in Ea) 

60.1 Clay 
Loam 

9.4 5.2 24 2.4 1.4 2.8 6 1.6 6 1 

6 Caron 	Organic 
Coil 

Adjacent 
to stream 

Poor Absent +0.1 	4.3 N.D.* 94.3 Peat 10.0 14.0 52 1.9 3.8 4.8 36 1.6 34 10 

7 Ynys 
mixed 	Peaty 
(peat 	Gley 
4. E ) 

Hill 
Slope 

Poor 
Mottles 
present +0.3 4.1 
in 
mineral 
horizon 

20 
(in E) 

43.3 Clay 
Loam 

8.0 5.6' 24 7.8 8.2 0.4, 6 1.6 4 0 

8 Ynys 	Peaty 
Gley 

Hill 
Slope 

Poor Absent +0.2 	4.1 N.D. 94.3 	• Peat 4.8 13.2 24 1.9 1.8 4.8 6 2.0 8 2 

*N.D. Not Determined 
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FIGURE 21: Mean Dry Weights, Copper and Manganese Contents of Perennial Rye$rass at Harvests I  II, III and VII 
of Pot Trial 2 (Soils from Denbighshire).  

xA = No nitrogen added; B = 200 units of nitrogen; C = 400 units of nitrogen. 
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' 

the first, second, third and last harvests was analysed to determine the short 

and long-term effects of differences in soil type and nitrogen application on 

Cu and Mn concentrations in ryegrass. 

(ii) 	Results and Statistical Analysis  

Dry matter production, together with plant Cu and Mn contents are 

shown in Figure 21. Results for individual soils indicated that mean dry 

weight and Cu and Mn contents of ryegrass showed some variation between soils 

(a) as a result of differences in soil type and (b) in response to nitrogen 

fertilizer additions. 

The combined data were assessed statistically as in Pot Trial 1. 

Considering the grouped data, nitrogen applications had no effect on Cu 

concentrations in ryegrass at the beginning of the trial, but had a significant 

effect on Mn concentrations (p = <0.001), which increased significantly 

compared to the controls with 200 units and decreased significantly where 400 

units were applied (p = <ZO.05). This appears to be a real effect as mean dry 

weights (g.) for each treatment were similar as shown below:- 

Treatment Harvest I Harvest II Harvest III Harvest VII 

Control 1.8 2.0 2.0 0.6 

200 units of N 2.0 2.5 2.0 0.5 

400 units of N 2.0 1.3 0.6 0.5 

At Harvest II, Cu concentrations in ryegrass decreased significantly 

where nitrogen was applied (p =.<0.001) and the decrease was significantly 

larger with 400 than 200 units (p = <0.05). Nitrogen additions also affected 

Mn contents (p = <0.001) in that concentrations decreased with 200 units 

(possibly partly due to a dilution effect resulting from increased dry matter 

production) but increased with 400 units of nitrogen (p = <Z0.05). At Harvest.  

III applications of nitrogen were associated with significant decreases in Cu 

and Mn concentrations in herbage (p = <0.001) and the effect was greatest 

with 400 units (p = <0.05). This did not appear to be a dilution effect. At 

the final harvest nitrogen applications significantly influenced Cu and Mn 

concentrations (p = <0.001). Concentrations of Cu in ryegrass increased in 
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association with 200 units; Cu and Mh contents showed decreases with 400 units 

in relation to the control (p. = <0.05) and these appeared to be real effects. 

(iii) Discussion 

A. 	Concentrations of Cu and Mn in Ryegrass on Individual Soils  

Concentrations of Mn in ryegrass at the first harvest were 

positively correlated with total soil Mn contents (r = 0.817, p = <0.05) and 

EDTA-extractable Mn contents (r = 0.800, p = <Z0.05), determined before the 

soils were used in the trial, but there were no other apparent overall corre-

lations between plant Cu and Mn contents and soil features measured, although 

there may have been if bulk density factors and soil pH during the trial had 

been considered. 

(a) 	The Denbigh Upland (Soils 1 to 3)  

At the beginning of the trial dry matter production was similar 

on the Powys and Denbigh soils but lower on the Sannan series, possibly due to 

the poor structure and larger clay content of the latter. Dry weights were 

generally lower at the end of the trial, probably due to deterioration of 

drainage conditions. 

Copper concentrations in ryegrass were similar on the Powys and Denbigh 

series at the beginning of the trial, but were slightly higher on the Sannan 

series, probably because the mobility of Cu, as assessed by partial extractants, 

was greatest in the Sannan series. Copper contents of herbage did not appear 

to show a consistent relationship with any of the individual soil features 

measured. Variations may have been due to changes in factors affecting 

"availability" during the trial or concentrations of other elements, such as 

potassium and phosphorus, in the soils. 

Manganese concentrations were related to soil organic matter contents 

at the beginning of the trial, being highest on the Powys series, possibly due 

to retention of Mn in "available" form associated with organic matter. It is 

difficult to explain the low Mn content of ryegrass on the Sannan series at 

Harvest II in terms of soil features. However, some drying out of the soil had 

occurred and Mn may have been oxidised to the relatively unavailable form. 
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At the third harvest Mn contents were higher than at earlier harvests, being 

highest on the Hannan and lowest on the Powys series, possibly due to an in-

crease in Mn "availability". With the exception of Harvest I, Mn concentrations 

in ryegrass were not related to individual soil properties observed or deter-

mined and may have been influenced by other soil factors. 

Concentrations of Cu and Mn in ryegrass showed some variations between 

soils and treatments where nitrogen had been applied, as discussed for Devon 

soils in Pot Trial l(pages154-156)but these were not related to any specific soil 

properties measured in the present study. 

(b) 	The Denbigh Moorland (Soils 4 to 8)  

Growth of ryegrass was very poor on the Ynys soils and only yielded 

sufficient herbage for analysis at Harvest. II, probably due to the extreme 

acidity of the soil (pH 4.1) and phosphate deficiency. 

At the beginning of the trial dry matter production was much lower on 

the Caron soil than on the Hiraethog soils, probably due to the difficulty in 

establishing ryegrass on this acid peat.. Dry weights varied inconsistently 

between soils at different harvests where nitrogen had been applied, possibly 

• partly as a result of physical factors affecting the growth of ryegrass on 

these soils. At the end•  of the trial dry weights were generally lower than at 

earlier harvests and were lowest on the Caron peat. 

At the beginning of the trial Cu contents of ryegrass were related to 

total and EDTA-extractable soil Cu contents (total Cu contents ranged from 5.2 

to 14.0 p.p.m.) being slightly higher on the Caron than the Hiraethog soils. 

However, no allowance was made for variations in bulk density between soils. 

At Harvest II Cu contents were much higher in the controls on the mixed Hiraethog 

than on the other soils. This could be due to the release of Cu from iron 

oxides of the iron pan, which had previously been found to contain considerably 

higher Cu concentrations than the surface horizons, as shown in Table 35 (page 

Cu concentrations were particularly low on the Ynys soils. There was no simple 

relationship between Cu concentrations in ryegrass at later harvests and the soil 

features measured. Phosphate deficiency and low soil pH (4.1 - 4.6) were 

probably limiting factors. 
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Concentrations of total Mn in soils were much lower than in the Upland 

soils, ranging from 24 to 88 p.p.m. compared with 300 to 956 p.p.m. in the 

latter. At the first harvest Mn concentrations in ryegrass were related to total 

soil Mn contents. Manganese contents in the controls at Harvest VII reflected 

soil clay contents, with the highest levels on the mixed Hiraethog and the 

lowest on the Caron series, possibly due to Mn release from soil minerals. No 

relationship was found between Mn concentrations in ryegrass and soil organic 

matter content, possibly because the botanical, physical and chemical character-

istics of the peat appeared to vary between soils. 

In many cases Cu and Mn concentrations were lower where nitrogen had 

been applied than in the controls so that levels were well below the estimated 

minimum requirement of 5 p.p.m. and 40 p.p.m. Mn for sheep (A.R.C., 1965). It 

appears that addition of nitrogen to the Denbigh Moorland soils could lead to 

the development of trace element deficiencies in grazing livestock: However 

the occurrence of heather and other species rich in trace elements would 

probably rectify the imbalance. 

B. 	The Combined Data  

Apart from the Powys and Denbigh series, the soils used in the 

trial were of low Cu and Mn status. At the beginning of the trial nitrogen 

applications did not influence Cu contents or dry matter production, possibly 

due to limited Cu availability in most of the soils, but, as in Pot Trial 1, 

200 units were associated with an increase in Mn contents while 400 units had 

a depressing effect.. Although 400 units of N appeared to be associated with 

an increase in Mn uptake at the second harvest, nitrogen applications generally 

had a depressing effect on Cu and Mn contents in the early stages of the trial. 

Possibly "availability" of Cu and Mn was the limiting factor. At the end of 

the trial 200 units of nitrogen were associated with an increase in Cu contents 

but with 400 units there was a decrease in Cu and Mn concentrations in ryegrass. 

In previous studies Cu deficiency was found in cereals grown on cutaway peat 

and was accentuated by nitrogen applications (Fleming and Delaney, 1961). Heavy 

nitrogen applicationg have been found to be associated with a decrease in Cu 
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content of pasture (Knabe et al, 1964; Bosch, 1964). It appears that on 

soils of relatively low Cu and Mn status, such as some of the Denbighshire 

soils, nitrogen applications have an overall depressing effect on Cu uptake 

because of inherently low "availability", as suggested by Whitehead (1966). 

5. 	GENERAL DISCUSSION  

(i) Seasonal Variations in Copper and Manganese Contents of Ryegrass  

Related to Plant Maturity.  

Although conditions in the greenhouse experiments were artificial 

it was possible in some cases to relate the results to those obtained in the 

field. Copper concentrations in ryegrass did not show variations related to 

plant maturity but Mn contents generally increased towards the end of the trials. 

This could be partly due to increased Mn "availability" resulting from water-

logging of the soils under the experimental conditions prevailing, but as 

similar results have been obtained by other workers (Hemingway, 1962; Reith et 

al, 1964) it appears that Mn concentrations in herbage probably increase from 

early summer to autumn. This was borne out by results of field sampling at 

two stages in the growing season. 

(ii) A Comparison of Greenhouse and Field Experiments  

It has been noted by many workers (including Cook and Millar, 1946; 

Hewitt, 1966; Alloway, 1969) that data from greenhouse experiments can only be 

interpreted with reference to a specific set of environmental conditions, which 

may change during the course of the experiment. Interpretation in relation to 

field conditions must be made with caution and, where possible, results con-

firmed by field trials. However, greenhouse experiments are useful for showing 

effects more rapidly than in the field. It is suggested that a number of factors 

must be considered in relation to the interpretation of pot trial data in the 

present study. 

(a) 	In greenhouse experiments a much larger proportion of the volume of soil 

is exploited by plant roots than in the field. This may lead to higher uptake 

of trace elements by plants in pot trials or, alternatively, to rapid depletion 

of the "available" fraction of the element in the soil and lower levels in 
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herbage, compared to plants in field conditions which can exploit a much larger 

volume of soil. 

(b) A number of factors, such as Eh and pH, were not measured during the 

trials and these may have varied. Changes in Eh may have influenced Mn 

"availability" and pH variations may have affected Cu and Mn "availability" and 

uptake in the course of the experiment. 	Consequently it is difficult to 

relate Cu and Mn contents of ryegrass after the first harvest to many of the 

soil properties assessed before the trials were commenced. 

(c) A wide variety of soil factors which were not determined,' such as soil 

nitrogen, phosphorus and potassium contents, could have affected Cu and Mn 

uptake during the trials, and deficiencies of one or more of the major elements 

could have become limiting factors in later stages of the trials. However, 

addition of these elements to the soils in order to prevent the development of 

deficiencies would also probably have affected Cu and Mn mobility and uptake. 

For instance phosphate additions have been found to depress Mn uptake by plants 

(Walsh et al, 1950; Archer, 1966). Similarly although pH was probably a 

limiting factor for growth of ryegrass on some of the Welsh soils liming might 

have reduced Cu and Mn mobility. 

(d) In pot trials the watering regime differs from field conditions and may 

affect nutrient uptake. 

In the present study Cu and Mn contents of ryegrass at the beginning of 

the trial were possibly similar to field conditions, but in the long-term soil 

trace element depletion by plants during one season in a greenhouse is equivalent 

to several seasons in the field. Some df the results obtained in the pot trials 

were similar to those obtained in the field. 

In the greenhouse experiments herbage containing low Cu concentrations 

occurred on soils of the Halstow, Dunsford, Dartington and Pulsford series, and 

low Mn contents were found on the Halstow, Reedy, Dunsford and Dartington series 

from Devon (i.e. <:10 p.p.m. Cu and <40 p.p.m. Mn in the dry matter). In 

the field, low Cu concentrations in herbage were found on Halstow, Tedburn, 

Dunsford and Reedy soils on Upper Carboniferous rocks north of Dartmoor. 
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Concentrations of Mn in ryegrass on Denbighshire soils at the beginning 

of the trial were correlated with total and EDTA-extractable soil Mn. Similar 

correlations were found for concentrations of Mn in field herbage samples from 

the Denbigh Moorland. Low concentrations of Cu and Mn were found in herbage on 

many of the soils in the trial and similar results were obtained in the field 

on the Denbigh Upland and Moorland. 

6. 	SUMMARY  

(a) In the greenhouse concentrations of Cu in ryegrass on poorly drained 

soils derived from shales of the Crackington Formation in Devon and on both 

mineral and organic soils derived from Silurian shales in north Wales, appeared 

to be related to Cu mobility in the soils at the beginning of the trial, as 

assessed by extraction with acid NH4Ac and EDTA. 

This relationship was not found for Mn in these soils. 

(b) Copper and manganese contents of herbage on poorly drained soils derived 

from Upper Carboniferous shales, after eight weeks of the trial, reflected 

organic matter contents of the soils, but at the end of the trial Cu contents 

on both poorly and freely drained soils on shales were not related to any of 

the soil properties measured. Manganese contents on both poorly drained and 

freely drained soils showed no relationship with individual soil features 

measured during the present study. 

(c) Copper concentrations in herbage analysed showed no relationship with 

properties of soils derived from Devonian slates, but throughout the trial Mn 

contents were related to the proportion of Mn in the soils.in a mobile form 

before the trial, being consistently higher on the poorly drained Pulsford than 

the freely drained Dartington soil. It is suggested that due to reducing con-

ditions and the higher clay and organic matter contents of the Pulsford series 

there was a higher level of "available" Mn than in the Dartington soil. Results 

were similar to those obtained in the field on this soil sequence. 

(d) Concentrations of Mn in ryegrass at the beginning of Pot Trial 2 were 

positively correlated with total and EDTA-extractable Mn contents of soils. 
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(e) At the beginning of the trial Mn contents on soils of the Denbigh Upland 

reflected soil organic matter contents, being highest from the Powys series. 

Generally, however, Cu and Mn contents of ryegrass were not related to the 

individual properties of soils determined before use in the trial. 

(f) Copper contents of herbage on Denbigh Moorland soils were initially 

related to total and EDTA-extractable soil Cu contents, being highest on the 

Caron peat. At later harvests Cu uptake was not related to any of the soil 

properties measured. 

(g) Concentrations of Mn in herbage initially reflected total soil Mn con-

tents of the Moorland soils. 

(h) Low Cu and Mn concentrations were found in ryegrass on some of the Devon 

soils, including the Halstow and Dunsford, and all the Denbighshire soils. 

Similar results were obtained from some of the field herbage samples. 

The EDTA-extractable Cu and Mn contents of some of the soils were related 

to concentrations of Cu and Mn in herbage growing on them at the beginning of 

the trials. Since these conditions are closest to those in the field it appears 

that EDTA is of some use in estimating the "available" Cu and Mn contents of 

. soils at the beginning of the growing season in the field. 

(j) In the short-term nitrogen applications increased Mn and Cu contents of 

ryegrass on Devon soils but after "exhaustive" cropping Cu and Mn concentrations 

were lower on soils where nitrogen had been applied than on the controls, possibly 

because the "available" soil Cu fraction had been depleted as a result of 

increased growth and dry matter production in response to nitrogen treatments. 

(k) With a few exceptions, nitrogen applications were associated with a 

decrease in Cu and Mn concentrations in ryegrass on Denbighshire soils, probably 

because of low "availability" and the initially low total Cu and Mn status of 

most of the soils, compared to Devon soils. 

(1) 	Results tended to confirm earlier suggestions (Whitehead, 1966) that 

nitrogen applications are associated with increased Cu uptake from soils of 

moderate to high Cu status but decreased uptake from soils of low total Cu content. 
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(m) It was confirmed that Mn contents of herbage increase as plants mature 

during the growing season, as found in field sampling in the present study, but 

Cu concentrations shoed no seasonal trend. 

(n) It has been shown that greenhouse experiments can be usefully related 

to field studies and can also indicate the effects of cultural practices on 

trace element concentrations in herbage, such as the very low levels of Cu and 

Mn which occur in ryegrass when nitrogen is applied to most of the Denbighshire 

soils studied. 
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PART D  

CHAPTER VIII. EFFECTS OF ENVIRONMENTAL FACTORS ON THE AGRICULTURAL 

INTERPRETATION OF REGIONAL GEOCHEMICAL RECONNAISSANCE DATA.  

1. 	INTRODUCTION  

(i) Previous Work by the Applied Geochemistry Research Group.  

Geochemical drainage reconnaissance has been found to provide data 

on multi-element distribution on a regional basis, assuming that the stream 

sediment approximates to a composite sample of the erosion products of the 

catchment upstream from the point of sampling. Complementary agricultural and 

geochemical surveys have shown a high degree of empirical correlation between 

metal distribution in stream sediments and problems in agriculture relating 

to imbalance of Mo, Se, Co, Mn, Cu, Zn and Pb. 

To some extent the metal content of the sediment reflects the total metal 

content of the soil, but the former may be influenced by precipitation or 

adsorption from the stream water. Factors affecting the interpretation of 

drainage sediment data in terms of "availability" to plants vary considerably 

from element to element. Where the overburden is residual the sediment, soil 

and parent material are related to the underlying bedrock, and metal concen-

trations in all three are primarily a feature of the underlying geological 

formation. The influence of bedrock on stream sediments in drift covered 

areas depends on the origin and thickness of the drift. In general, regard-

less of overburden type, total metal contents of sediments and soils are 

related, but the relationship may be affected by features of the secondary 

environment. In agricultural areas without mineralisation two of the most 

important factors influencing the soil-stream sediment relationship are 

(a) enrichment of the sediment by precipitation or adsorption from metal-rich 

groundwater seepage, as on the Denbigh Moorland and parts of Devon for Co, Mn 

and Fe (Nichol et al, 1967), due to differences in Eh and pH between soil and 

stream water, and (b) dilution of the sediment in calcareous areas by pre-

cipitation of calcium carbonate in the stream bed from bicarbonate saturated 

groundwater. Individual trace elements are discussed below. 
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A. Cobalt  

A correlation was established between Co in sediments and the incidence 

of Co deficiency in livestock in Co.Wicklow and Co.Carlow (Webb, 1964), and 

between low Co ( C.10 p.p.m.) in sediments and soils on the Dartmoor Granite 

and the incidence of pining in sheep (Thornton, 1968). As a result of enrich-

ment in areas of poorly drained soils, Co deficient soils may not be reflected 

in low concentrations in the sediment (Horsnail, 1968). With the exception 

of calcareous sediments, concentrations of less than 15 p.p.m. Co are likely to 

be associated with low concentrations of Co in soils and herbage and possible 

incidence of clinical or subclinical deficiency in sheep. 

B. Copper  

In general there was a good relationship between total Cu concentrations 

in stream sediments and soils. 	Copper contents of soils and stream sediments 

were not generally related to Cu concentrations in pasture. On the Bagshot 

Beds in Dorset, low concentrations of Cu were found in sediments in an area 

where Cu deficiency was recognised in seedling Sitka spruce and in cattle. 

There was no relationship between Cu distribution in sediments and swayback 

incidence in several areas studied (Thornton, 1968). 

C. Manganese  

Interpretation of Mn stream sediment data is similar to that of Co since 

the two elements behave in a similar geochemical fashion and are both affected 

by the same secondary environmental features. Less than 500 p.p.m. in the sedi-

ment was associated with low concentrations in soils (<100 p.p.m. Mn) and 

related to deficiency in seedling trees on the Bagshot Beds (Thornton, 1968). 

On the Folkestone Beds of the Lower Greensand stream sediments containing on 

average 100 p.p.m. Mn are associated with topsoils containing approximately 

280 p.p.m. Mn, and deficiencies of Mn have been reported in arable crops 

(Jordan, pers.comm. 1972). 

(ii) Advantages and Limitations of Stream Sediment Surveys.  

The principal advantage of geochemical drainage reconnaissance is that 

it outlines areas in which more costly studies of soils, rocks and herbage 
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should be carried out. 	It is possible to delineate not only areas where 

clinical disease symptoms have been recognised but also those where subclinical 

or latent problems occur. Stream sediment sampling has certain limitations: 

(a) it does not give a field by field evaluation or show up differences between 

soil series in a catchment, (b) it is not applicable in areas of heterogeneous 

geology, (c) it is dependent on adequate surface drainage and (d) stream sedi-

ment-soil relationships are subject to numerous effects of the secondary environ-

ment (Thornton and Webb, 1969, 1970; Webb and Thornton, 1970). 

2. 	FACTORS AFFECTING THE RELATIONSHIP BETWEEN THE COBALT, COPPER AND  

MANGANESE CONTENTS OF STREAM SEDIMENTS AND SOILS.  

In the present study the following factors were found to have important 

effects on the relationship between trace element contents of soils and stream 

sediments: (i) parent material, (ii) soil drainage, (iii) topography (iv) pH and 

Eh and (v) podzolisation. 	Other factors such as climate and land cultivation 

are considered' to be of some importance but were not investigated in detail. 

(i) Parent Material  

The total trace element content of the soil is usually dependent, at 

least to some extent, on the trace element content of the parent material. The 

texture of the parent material influences soil-stream sediment relationships 

through its effect on water movement and soil drainage. The soil-stream sedi-

ment relationship may also be affected by changes of parent material within a 

catchment. 

A. 	Water Movement and Soil Drainage  

Soils developed on Crackington formation shales (Upper Carboniferous rocks 

north of Dartmoor) form a distinct hydrologic sequence (Claydon, 1964) which is 

not found on Devonian slates in south Devon, probably because (a) the slates 

areuore pervious than the shales and (b) the slates are more highly meta-

morphosed than the shales and give rise to soils containing less inherited clay. 

Consequently whereas there are large areas of poorly drained soils on Upper 

Carboniferous shales and associated stream sediments are enriched in Co, Mn and 

Fe, on Devonian slates poorly drained soils are restricted to narrow strips 
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adjacent to streams and stream sediment enrichment is exceptional. 

On the Bude formation (Upper Carboniferous sandstones north of Dartmoor) 

poorly drained soils occur but it appeared that the permeability of the parent 

material to water is such that development of heavy gleying and associated 

trace element redistribution does not occur. 	Consequently there is a better 

relationship between trace element contents of soils and stream sediments on 

the Bude than on the Crackington formation. 

To a large extent the nature of the parent material determines soil 

texture, which in turn affects soil drainage. 	Coarser-textured soils are 

generally less subject to problems of impeded drainage than fine-textured soils 

because (a) they are derived from relatively pervious rocks and (b) they 

normally have lower clay contents than soils derived from shales, slates and 

other fine-textured rocks. 	Consequently knowledge of the permeability and 

texture_of the _parent material gives an indication of the soil types and thus 

drainage status likely to predominate within a given catchment. 	This in turn 

allows a preliminary assessment of the possible relationship between soils and 

the stream sediment. 

B. 	Heterogeneity of Parent Material Within a Catchment  

In a catchment (2) on Devonian slates east of Dartmoor a small area 

(about 5%) was underlain by rocks containing much higher Mn concentrations 

than the rest of the catchment and gave rise to soil containing relatively 

high levels of Mn. The Mn content of the stream sediment was similar to Mn 

concentrations in topsoils in the major part of the catchment, and therefore 

did not indicate the presence of the small area of soils of higher Mn content. 

In the Eastcott catchment on Lower Carboniferous rocks west of Dartmoor 

the stream sediment was enriched in Co, Cu and Mn in relation to mean topsoil 

contents, confirming results of previous investigations (Fletcher, 1968; 

Horsnail, 1968; Thornton, 1968), but reflected concentrations in topsoils of 

the lower slope and valley floor. Profile investigations confirmed that the 

soils of Longham Down and the upper slope are derived from shales containing 

lower concentrations of trace elements than the rocks (shales) of the lower 
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slope and valley floor. Also the latter appeared to be less permeable to water 

than the rocks upslope, giving rise to poorly drained soils of the Tedburn and 

Reedy series, from which Co and Mn were leached and precipitated in the stream 

sediment. 

Changes in the trace element content of the parent material within a 

catchment can therefore have an important effect upon the interpretation of 

stream sediment data. They may also be confused or associated with secondary 

environmental effects, such as an area of poorly drained soils within the catch-

ment, which also influence the soil-stream sediment relationship. The regional 

effect of parent material has been shown in previous studies on the Lias in 

South-west England (Thornton, 1968) where high concentrations of Mo were found 
• 

in stream sediments on the lower zones of the Lower Lias associated with the 

occurrence of "teart" or molybdenosis, in cattle. 	However on the Middle and 

Upper Lies stream sediments contained background levels of Mo (.<2 

associated with soils of normal Mo status. 

(ii) Scil Drainage  

Results obtained in the present study and in previous work (Horsnail, 

1968) indicate that soil drainage is one of the most important factors 

influencing the relationship between concentrations of Co and Mn in soils and 

stream sediments in the areas investigated. The importance of soil drainage 

status lies primarily in its effects upon redox potential, and consequently 

ionic form and relative mobility, and in addition its effects on the weathering 

of rocks and soil minerals. Examples of the effects of soil drainage on stream 

sediment-soil relationships are given in the following paragraphs, with 

reference to the geologically defined study areas. 

A. 	Devonian Slates East of Dartmoor, Devonian Sandstones in North Devon and 

the Denbigh Upland, 

In these areas the soils are predominantly freely drained Brown Earths 

but gleyed,soils are found on narrow strips of flat land adjacent to streams. 

Trace element contents of stream sediments reflected mean topsoil contents 

within the catchment but the poorly drained soils containing lower concentrations 
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of Co, Mn and Fe than the freely drained soils were not reflected. However, 

the poorly drained soils normally contained higher extractable Co and Mn con-

tents, indicating that larger proportions of the elements -were in "available" 

form, and in many cases this was reflected by higher concentrations in herbage. 

In exceptional catchments where the area covered by poorly drained soils 

exceeded 15 to 20% the stream sediment was enriched in Mn, and sometimes Co and 

Fe, in relation to mean topsoil contents associated with Mn and Fe staining 

in the sediment. The poorly drained soils were often depleted of Co, Fe and 

Mn, particularly in the subsoil, in relation to the parent material. These 

results confirmed previous work on trace element distribution in relation to 

soil drainage status (Mitchell, 1957a, 1964; Swaine and Mitchell, 1960; 

Fleming, 1960; Kee and Bloomfield, 1962; Aomine, 1962; Meek et al, 1968; 

Patrick and Turner, 1968). 

B. 	Upper Carboniferous Rocks North of Dartmoor  

Previous work in this area indicated that high concentrations of Co, Mn 

and Fe in stream sediments on Crackington formation shales were not always 

related to high concentrations in catchment soils (Horsnail, 1968), and it was 

possible that areas of soils very low in Co, Mn or Fe would not be shown up 

by stream sediment analysis. 

In the present study it was found that heavy enrichment of the sediment 

in Co, Mn and Fe in relation to mean topsoil contents occurred in catchments 

dominated by poorly drained soils, associated with heavy Mn and Fe staining in 

the bank and stream bed. Enrichment was particularly marked where the Tedburn 

series occurred over 20% or more of the catchment. The Tedburn series has 

been shown to be more heavily weathered than other soils on the shales, leading 

to breakdown of clay minerals and release of trace elements, and gleying is 

more marked than in the other poorly drained soils occurring in this part of 

Devon (Clayden, 1964). 

Other poorly drained soils of the Teign valley sequence studied were the 

Halstow, Reedy Complex and the gleyed phase of the Dunsford series. Concen-

trations of Co, Mn and Fe in the Reedy Complex adjacent to the streams were 
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generally depleted in relation to stream sediments and the parent material. The 

Halstow and. poorly drained Dunsford series occurred on slopes and hill tops 

rather than near to streams and frequently showed depletion in the subsoil in 

relation to Co, Mn and Fe contents of stream sediments and underlying rocks, 

although concentrations in topsoils were generally higher or similar to concen-

trations in sediments and parent material, probably due to recycling of these 

elements by plants. 

In a catchment dominated by the freely drained Dunsford series the stream 

sediment contents of Co, Cu, Mn and Fe reflected concentrations in the topsoil, 

but small areas of poorly drained soils occurred on the hill top and adjacent 

to the stream which contained lower concentrations of Mn than the sediment. It 

is possible that Co, Mn and Fe leached from the Halstow series on the hill top 

were accumulating under oxidising conditions in the Dunsford series. . 

On sandstones of the Bude formation the poorly drained soils of the Hals-

tow series were fairly widespread but, possibly as a result of the greater 

permeability of the parent material compared to the shales which prevented the 

development of intensely reducing conditions, concentrations of trace elements 

were only slightly higher in the sediment than in topsoils. Profile investi-

gations indicated that the soils do not show depletion of trace elements in 

relation to the parent rock. 

C. 	Lower Carboniferous Rocks West of Dartmoor. 

The Dunsford series on Longham Down was freely drained and showed no 

trace element depletion in the profile compared to concentrations in the under- 

lying. shale. 	Below mid-slope the parent material appeared to become less 

permeable to water movement than upslope. 	Soils of the Tedburn series were 

found on the lower slope associated with Reedy Complex adjacent to the stream. 

Profile data indicated that the change in permeability of the parent material 

is associated with increased trace element content in the rocks of the lower 

slope and valley floor, confirming previous work (Fletcher, 1968; Horsnail, 

1968; Thornton, 1968). The poorly drained soils are leached of Co and Mn under 

reducing conditions resulting in heavy staining on the stream bank and stones 
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in the stream bed and, downstream from the soil sampling transect, enrichment 

of the stream sediment. 

D. 	The Denbigh Moorland 

Poorly drained organic soils of the Ynys and Caron series are widespread 

covering approximately 9,000 and 2,000 acres on the Moorland area respectively 

in association with the podzolic Hiraethog and Manod Series. 	Reducing con- 

ditions, combined with high rainfall and soil acidity, have led to severe leach-

ing of Co, Mn and Fe from soils and enrichment in stream sediments (Nichol et 

al, 1967). The soils were found to be depleted of trace elements, particularly 

in lower horizons, in relation to the parent material, and concentrations were 

not related to Co, Mn and Fe contents of stream sediments, which were heavily 

stained with Mn and Fe. 

There appears to be a general tendency for poorly drained soils to con-

tain lower total concentrations of Co, Fe and Mn than freely drained soils, 

particularly when (a) the poorly drained soils are derived from argillaceous 

rocks and/or (b) the poorly drained soils occur in the valley bottom adjacent 

to the stream. On the whole larger proportions of the, total metal content are 

readily extractable from poorly drained than from freely drained topsoils, and 

herbage growing on poorly drained soils generally contains higher concentrations 

of Mn and Fe, and sometimes Co, than herbage on freely drained soils. Although 

relationships between Co and Mn contents of soils, stream sediments and herbage 

are poor in poorly drained areas, low concentrations of these elements in her-

bage are less likely to occur than on freely drained soils due to increased 

availability. Therefore stream sediment enrichment in Co, Mn and Fe in relation 

to mean total contents of topsoils is unlikely to be associated with low levels 

of these elements in herbage in the areas studied. 

A soil map is a useful aid to interpretation of stream sediment data as 

it shows proportions of poorly and freely drained soils within a catchment, 

which give an indication as to possible stream sediment enrichment in Co, Mn 

and Fe in relation to mean topsoil contents. Eh measurements also provide a 

rapid method of estimating soil drainage status and the proportion of soils 
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within a catchment which is subject to reducing conditions, under which Co, Mn 

and Fe may be mobilised and leached from the soil. 

(iii) Topography 

Topography influences the development of soil series through its effects 

on rock weathering, redistribution of clay and water run-off. On hill slopes 

percolating water tends to move laterally across the profile rather than down-

wards and pan formation, such as the iron pan of a podzol, does not readily 

occur (Russell, 1961). There is also a tendency for fine clay and silt-size 

particles to accumulate in sites downslope as a result of erosion. 

On the Crackington formation (Upper Carboniferous shales north of Dartmoor) 

there are two distinctive types of topography (a) narrow, steeply incised valleys 

with rounded hill tops and (b) wide valleys with gentle slopes, rounded hill 

crests and flat hill tops. Freely drained soils are associated with the steep 

slopes and poorly drained soils with the gentle slopes. In general in the area 

underlain by the Crackington Formation, there is a better relationship between 

trace element contents of soils and stream sediments in areas of steep rather 

than gentle slopes, since in the latter stream sediments are often considerably 

enriched in Co, Mn and Fe in relation to concentrations in topsoils. 

In areas such as the Denbigh Upland the Moorland, where soil series with 

characteristic trace element assemblages are located in specific topographic 

locations, a knowledge of the relationship between soil series and topography 

is an added advantage when interpreting stream sediment data. Interpretation 

may thus be helped by the aid of a soil map. 

(iv) pH and Eh 

Soil pH and Eh determine the form and solubility of ions and consequently 

their mobility and distribution. 	Eh is primarily dependent on soil drainage 

conditions, discussed earlier in this chapter, and appears to have an important 

influence on the interpretation of stream sediment data for Co, Mn and Fe, and 

probably other elements such as Zn and Ni. 	pH effects were generally small 

except under moorland conditions. 
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Under moorland on Devonian sandstones in north Devon and on the Denbigh 

Moorland trace element depletion of soils in relation to underlying rocks was 

more marked than in other environments studied, as a result of leaching in acid 

groundwater. Enrichment of Co, Mn and Fe in stream sediments compared to mean 

topsoil contents is usually more pronounced under moorland conditions than in 

areas of predominantly mineral soils, as shown in comparison of soils and sedi-

ments on the Denbigh Upland and Moorland (Chapter VI, pages 142 to 145 ). 

(v) 	Podzolisation 

Profile investigations indicated that podzolisation results in redistri- 

bution of trace elements and concentrations in or immediately below the iron pan 

were higher than in the surface layers, with the exception of the litter layer 

in some profiles. 	It is thought that low molecular weight decomposition pro- 

ducts (mainly polyphenols) of plant remains form soluble organic complexes with 

Fe, Al and as2ociated trace elements which are then leached down the profile 

(Bloomfield, 1955). 	These complexes are deposited in the B horizon because 

(a) an increase in metal to chelate ratio lowers the solubility of the complexes 

and (b) flocculation of the complexes occurs in the presence of small concen- 

2+ 
trations of divalent cations such as Mg 	or or Ca 	(Bower, 1970). This process 

gives rise to the characteristic enrichment of organic matter, Fe and Al in the 

upper B horizon and depletion of Al and Fe in surface horizons. The depth at 

which the iron pan occurs depends upon the particular plant species involved in 

the process (Bloomfield, 1955a). 

In the Kentisbury series on Devonian sandstones Co, Cu and Mn were removed 

with Ferfrom the topsoil but accumulated immediately below rather than in the 

iron pan. 	However, in the Ilkerton series on similar parent material and in 

the Hiraethog series on the Denbigh Moorland Co and Mn were concentrated in the 

iron pan. 	Accumulation of trace elements in the illuvial horizons of podzols 

has been noted by many workers (including Fleming, 1960; Wright et al, 1955). 

In some podzols Co and possibly other trace elements may be displaced further 

down the profile than Fe because they form more stable etiolates than Fe with 

organic compounds (Kubota, 1965) and this could be dependent on the plant 
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species involved in podzolisation. 

On Devonian sandstones in north Devon concentrations of Co, Cu, 'Mn and Fe 

in podzol topsoils were generally considerably lower than in other catchment. 

soils and stream sediment contents reflected the higher trace element concen- 

trations in brown earths on hill slopes. 	Trace element redistribution in the 

Ilkerton and Kentisbury podzols was accompanied by overall depletion in relation 

to the underlying rock, probably due to leaching in acid groundwater. In some 

cases herbage samples from the podzols contained low concentrations of Co and 

Cu. 	Cobalt pining in sheep has been found on sandy strata in this area 

(Patterson, 1946) and it has been suggested that this is restricted to the 

Ilkerton and Kentisbury podzols (Seale, pers.comm. to I. Thornton, 1967). 

Problems of Co deficiency in livestock have been encountered in many areas of 

podzolised _soils in the United States (Kubota, _1965). Similarly very low concen-

trations of Co, Cu and Mn were found in the surface horizons of the podzolised 

Manod series on the Denbigh Moorland compared to the Ynys and Caron series down-

slope, and low concentrations of these elements were found in herbage samples 

.(grasses) on the Manod soil. 

The Hiraethog series (peaty gleyed podzol) is widespread on the Denbigh 

Moorland and surface horizons generally contained lower concentrations of Co, 

Cu and Mn than the Ynys and Caron series downslope, although Cu sometimes 

showed enrichment in the litter layer, confirming results of previous studies 

(Bower, 1970). Stream sediments were generally enriched in Co, Mn and Fe com-

pared to all topsoils, but low Cu concentrations in sediments reflected low Cu 

contents of topsoils. 

Stream sediment data does not reflect the low concentrations of Co, Cu, 

Mn and Fe which occur in surface horizons of podzols, and since these soils 

may support herbage of low trace element content, stream sediment data should 

be interpreted in conjunction with a soil map in areas where podzolised soils 

occur. 
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3. 	FACTORS INFLUENCING UPTAKE OF COBALT, COPPER AND MANGANESE BY PLANTS  

AND THEIR EFFECT ON THE INTERPRETATION OF STREAM SEDIMENT DATA.  

Trace element contents of plant tissues depend to some extent on the 

total metal content of the soil, which is largely dependent on the trace 

element content of the parent material.. However, just as there are many 

pedological and environmental factors which affect the relationship between 

the trace element contents of soils and parent materials, similarly there are 

a number of important factors which influence trace element uptake by plants 

from the soil. 	These factors are (a) soil pH, (b) form of ions in the soil, 

(c) nature and abundance of clay minerals, (d) cation exchange capacity, 

(e) amount and type of organic matter, (f) rooting depth, (g) seasonal effects, 

maturity and species differences, (h) addition of fertilizers and basic slag 

and- j)-soil 'drainage:- Not all these factors have been investigated as 

features of the interpretation of geochemical reconnaissance data in the 

present study. 

(i) 	Soil pH 

A number of significant correlations were found between concentrations of 

Mn in herbage and soil pH and these are shown in Table 44. A significant • 

positive correlation (p <0.05) was also obtained between Cu in herbage sampled 

in September and pH of soils derived from Devonian sandstones in north Devon 

( r = + 0.371). In the areas where negative correlations were obtained catch-

ments are generally dominated by mineral soils under permanent pasture which 

receive periodic additions of lime and fertilizer. It is suggested that an 

increase in soil pH will depress Mn uptake by herbage in these areas. 

Depression of Co, Cu and/or Mn uptake by plants as a result of an increase in 

soil pH has been noted by many workers (including Bolas and Portsmouth, 1948; 

McGregor et al, 1960; Lucas and Davis, 1961; Latteur, 1962; Lagerwerff,-  1966; 

Mitchell, 1964; Archer, 1966, 1970). 

On the Denbigh Moorland soil pH was positively correlated with Mn con-

centrations in herbage and it is suggested that soil acidity in this environ-

ment may depress Mn uptake by inhibiting root development. An increase in soil 



TABLE 44. Significant Correlations Obtained. Between Concentrations of Mn in Herbage and Soil pa.,  

Study Area 
Time of 
Herbage 
Sampling 

Type of 

Correlation 

Level of 
Signific- 
ance (p) 

Correlation 
Coefficient (r) 

Number of 

Samples (n) 

pH 

(Range & Mean) 

Upper Carboniferous Rocks September Negative m<0.01 - 0.406 52 4.9 - 6.8 

North of Dartmoor. 	 6.0 

_- 
Lower Carboniferous Rocks June Negative <0.01 - 0.809 10 - 5.0 - 6.8 

West of Dartmoor 5.9 

Devonian Sandstones in  June Negative <0.01 - 0.486 33 3.8 - 6.7 

North Devon. 5.2 

Denbigh Upland, Denbigh-Aled September Negative <0.01 - 0.934 6 4.7 - 6.0 

Soil Sequence. ' 5.2 

Denbigh Moorland, Hiraethog- July Positive <0.05 + 0.405 42 3.1 - 5.1 

Ynys-Caron Soil Sequence. . . 4.2 

P 
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pH could therefore lead to increased Mn uptake, although above pH 5.8 

"availability" of phosphorus and Mn may be reduced (Lucas and Davis, 1961) and 

this would adversely affect root development and Mn uptake by plants.. 

A knowledge of soil pH is useful when interpreting atream sediment data. 

When soil pH is below 5 moderate levels of Co, Cu, Mn and Fe will probably be 

found in the natural vegetation as on the Denbigh Moorland, but soil acidity 

will restrict the growth of the better pasture species, such as perennial rye-

grass. Between pH 5 and 6 is about the optimum for the growth of pasture grasses 

and "availability" of Co, Cu, Mn and Fe should not limit uptake unless the soil 

contains very low concentrations of trace elements. Above pH 6 Co, Cu, Mn and 

Fe may become relatively unavailable, resulting in low concentrations of these 

elements in herbage. 

(ii) 	Form of Tons in the Soil 

The forms of micronutrients in the soil have been represented by Hodgson 

(1963) :- 

Tn the present study larger proportions of total Co and Mn, and sometimes 

Cu were extracted from poorly drained than from freely drained soils-by partial 

extractants, conftrming previous results (Mitchell, 1963). it is well known 
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that reducing conditions resulting from poor soil drainage cause the more 

soluble divalent forms of Co, Mn and Fe to predominate (Kee and Bloomfield, 

1961; Patrick and Turner, 1968). These are more available to plants than the 

oxidised forms (Mitchell, 1957). It was confirmed that herbage from poorly 

drained soils generally contains higher concentrations of Mn and Fe, and some- 

times Co, than herbage from freely drained soils. 

Concentrations of Co in herbage were rarely correlated with extractable 

Co contents of topsoils and there were few correlations between Cu and Mn 

contents of herbage and amounts extracted from topsoils by acid or neutral 

NH4Ac. There was generally a better relationship between EDTA-extractable Mn 

and, particularly, EDTA-extractable Cu:,  in topsoils and concentrations in herbage 

confirming previous work (Mitchell et al, 1957; Thornton, 1968; Browman et al, 

1969). It appears, therefore, that not only water-soluble and exchangeable 

Mn and Cu are available for plant uptake, but also more strongly-bound ions 

associated with clay minerals and in complex form with organic matter which are 

extracted by EDTA (Alloway, 1969). It was not possible to relate extractable 

Co, Cu and Mn contents of stream sediments to concentrations in herbage. 

(iii) Clay Minerals  

Clay minerals may act as sources of trace elements in soils either on 

weathering, due to isomorphous substitution in the lattice, or as a result of 

adsorption of ions on clay surfaces. Iron and Mn oxides occur extensively as 

partial coatings on clay-size minerals and it has been suggested that these 

oxides are the major source of trace elements to plants in soils (Jenne, 1968). 

Trace elements occluded in ferric hydroxide particles which have been adsorbed 

on the surface of kaolin minerals may only be released into solution when the 

immediate environment is subject to reducing conditions. This may be achieved 

by microbial activity and the chemical effects of soil water-logging (Jenne, 1968). 

This could account for the greater extractability of trace elements in poorly 

drained soils and the higher concentrations of Co, Mn and Fe found in herbage 

from poorly drained soils compared to freely drained sites. Soils containing 

large proportions of clay are often poorly drained for at least part of the 
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year and this factor must be considered when interpreting stream sediment data. 

(iv) Cation Exchange Capacity 

Clay particles are negatively charged as a consequence of the net negative 

lattice charge, and the adsorbed compensating cations form a diffuse counter-ion 

atmosphere (assuming the clay is in contact with water) which, together with the 

lattice charge, constitutes a double layer. Soil organic matter also forms part 

of the exchange complex, either as a separate entity or as part of organic matter-

clay aggregates. The extent to which the exchange complex of a soil is saturated 

with various cations and the ratios in which these cations are present affect 

both the nutrient-supplying capacity of the soil and the physical behaviour of 

the colloidal matter. This has not been studied in the present investigation. 

(v) Amount and Type of Organic Matter  

Soil organic matter has a relatively large capacity to combine with 

certain trace elements, notably Cu (Hodgson, 1963). Three classes of system can 

be distinguished; (a) the high molecular weight organic compounds, such as 

lignins, which are essentially immobile and immobilise those elements associated 

with them, (b) short-chain organic acids and bases which promote trace element 

solubility and movement, and (c) other complexing agents which appear to be 

soluble themselves, but form insoluble salts with heavy metals. Organic matter 

contributes significantly to the cation exchange capacity of many soils because 

the functional groups involved are weak acids and their configurations offer 

opportunity for chelation; these groups bind heavy metals very strongly. 

In the present study low Cu concentrations were found in grasses on the 

organic Denbigh Moorland soils, associated with low Cu contents in soils and 

stream sediments. 	The occurrence of Cu deficiency in crops is often associated 

with organic soils, particularly reclaimed peats (Mulqueen et al, 1961; Cauldwell, 

1966). However, the Cu contents of the sediments were slightly lower than mean 

topsoil contents, indicating that Cu was being retained in the soils despite the 

acid leaching environment, as found in previous studies (Butt, 1971). The 

"fixation" of Cu and other trace elements by organic matter has been noted by 

many workers (including Burges, 1960; Lewis and Broadbent, 1961; Ennis and 
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Brogan, 1961; Ennis, 1962; Ennis, 1962a; Kee and Bloomfield, 1962). It is 

suggested, therefore, that in areas of soils of high organic matter content, Cu 

contents of stream sediments may be lower than topsoil contents due to retention 

of Cu by organic matter. 

(vi) Rooting Depth  

The depth to which roots penetrate the soil and the volume of soil which 

they can exploit have an important influence on the capacity of a plant to take 

up nutrients. When a given nutrient is relatively unavailable in the soil 

competition will favour plants with well-developed root systems. Similarly deep-

rooting 

 

 plants may be able to reach horizons at depth which contain higher concen-

trations of a given nutrient than the surface, as in podzols where the iron pan 

is incomplete or not indurated such as those examined in the present study. 

Concentrations of the trace elements studied were generally higher in heather 

than grasses as found by Thomas (1956), on the Hiraethog series, probably partly= 

because heather is deeper-rooting than the grasses. 

(vii) Seasonal Effects, Maturity and S ecies Differences 

In general concentrations of Cu, Mn and Fe in herbage in this study were 

higher in autumn than in mid-summer. This was also true for Mn concentrations 

in perennial ryegrass grown in the pot trials, but Cu contents were rather variable. 

Similar results were obtained for Co in pastures by Andrews (1956) and in ryegrass 

by Reith and Mitchell (1964), for Co, Cu, Mn and Fe in deciduous trees by CUha 

and Mitchell (1966), 	for Cu and Mn in pasture by Hemingway (1962) and for Cu 

in pasture by Adams and Elphick(1957)&Reith et al (1964). The lower Cu, Mn and 

Fe concentrations noted in mid-summer herbage may be due to dilution effects 

resulting from greater dry matter production compared to that in September. 

In some areas, notably on Upper Carboniferous rocks north of Dartmoor and 

on the Denbigh Upland, Cu contents of herbage sampled in summer were often below 

the minimum levels recommended for the nutrition of grazing livestock (5 p.p.m. 

for sheep, 10 p.p.m. for cattle, in dry matter, ARC., 1965). However, in Sept-

ember similar low concentrations of Cu rarely occurred in herbage. 



184 

Heather (Calluna vulgaris) collected on the Denbigh Moorland generally 

contained higher concentrations of Co, Cu and Mn than grasses (mainly Nardus  

stricta) growing nearby, confirming earlier work (Thomas, 1956; Archer, 1966). 

Similarly in Devon and Denbighshire rushes (Juncos spp.) contained higher con-

centrations of Mn than adjacent pasture grasses. Some weed species and clover 

are reported to be richer in trace elements than pasture grasses (Archer, 1966). 

In the present study weeds were avoided but clover was usually present in samples 

of mixed pasture species, although only in small proportions. 

The relationship between concentrations of Co, Cu, Mn and Fe in soils and 

stream sediments and contents of these elements in herbage may therefore be 

modified according to the species and time of sampling of herbage. 

(viii) Fertilizers  

Fertilizer applications are known to affect trace element uptake by 

pasture species and other crops (Whitehead, 1966) but results of uptake studies 

are often conflicting and the effects of fertilizers may be modified by other 

factors such as soil type and crop species. 

A. Nitrogen  

Results obtained in a greenhouse experiment in the present study con-

firmed that Cu and Mn uptake from soils of moderate to high Cu and Mn status 

increases in association with moderate applications.of nitrogen (200 units in 

this case), as found by Stewart and Holmes (1953); Hemingway (1962); Havre and 

Dishington (1962); Archer (1966). However, Cu and Mn uptake from soils of low 

Cu and Mn status is usually depressed by nitrogen applications, as found for Cu 

by Fleming and Delaney (1961); Knebe et al (1964); Bosch (1964) and Raith (1970). 

It is suggested that increased growth resulting from nitrogen application 

leads to a run-down in the "available" Cu and Mn contents of soils (Whitehead, 

1966; Thornton, pers.comm. 1972). 

B. Phosphorus  

With the exception of Larsen (1956, 1964) workers consider that phosphate 

fertilizers depress Mn uptake by plants (Walsh et al, 1950; Walsh and Neenan, 

1956; Archer, 1966). In general Co a-ld Cu uptake by plants does not appear to 
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be influenced by phosphate applications to the soil (Hemingway, 1962; Archer, 

1966). 

C. Potassium 

Fertilizers containing potassium have little effect on trace element 

contents of herbage (Hemingway, 1962; Archer, 1966). 

D. Basic Slag  

Basic slag is an important source of phosphate and other elements and 

is often used when reclaiming and reseeding upland pastures. Addition of basic 

slag may alter soil pH, ionic ratios and the botanical composition of the sward 

(Farrar, 1968). It may contain approximately 2 to 4% Mn, 12 to 20% Fe, 20 to 

200 p.p.m. Cu and 0 to 10 p.p.m. Co, some of which may be available to plants. 

In the present study it appeared that addition of basic slag during reclamation 

of thP.Powys.serieson the Denbigh Upland increased the total trace metal 

content of the topsoil but did not affect concentrations of Co, Cu, Mn and Fe in 

herbage, confirming results of Archer (1970). There is some evidence, however, 

that addition of basic slag may increase the uptake of Co (Gericke, 1962). On 

the Denbigh Upland additions of basic slag are usually associated with an 

increase in soil pH due to liming, which may decrease uptake of Co, Cu and Mn 

by herbage (Archer, 1966, 1970). 

(ix) 	Soil Drainage 

Concentrations of Mn, Fe and sometimes Co were higher in herbage from 

poorly drained than freely drained soils, but Cu concentrations in herbage 

were not related to soil drainage status. Eh readings are related to soil 

drainage conditions, and in the Powys-Denbigh-Sannan-Cegin ,  soil sequence on the 

Denbigh Upland concentrations of Mn in herbage were negatively correlated with 

Eh ( r = -0.709, p = <0.01 in July; r = -0.923, p = <0.001 in September). 

Many workers have noted higher concentrations of Co, Mn and/or Fe in herbage on 

poorly drained compared to freely drained soils both in the field (Hill et al, 

1953; Mitchell et al, 1957; Hodgson, 1963; Reith, 1970; Jones and Etherington, 

1970) and in greenhouse experiments (Kubota et al, 1963; Adams and Honeysett, 

1964). This factor may therefore modify the stream sediment-herbage relationship 
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since low levels of total Co, Mn and Fe in poorly drained soils may be reflected 

by relatively high concentrations in herbage. 

4, 	EXTRAPOLATION OF RESULTS TO OTHER AREAS OF WALES AND SOUTH-WEST ENGLAND. 

At present the Applied Geochemistry Research Group, Imperial College, 

are producing a geochemical atlas which will show trace element distribution on 

a regional basis for the whole of England and Wales. Maps are based on the 

analyses of stream sediments taken at a density of approximately one sample per 

square mile. It is intended that results obtained in the present study will be 

used as an aid to the agricultural interpretation of stream sediment data for 

the elements Co, Cu and Mn. Assuming that environmental features of the catch-

ments selected are typical of each geologically defined study area, results can 

be extrapolated to cover each formation as a whole in areas of relatively 

homogeneous parent material. 

(i) 	South-West England 

The results of the present study are discussed in relation to an area of 

approximately 4,500 square miles, covering the counties of Cornwall, Devon and 

part of Somerset. 

A. 	Devonian Slates  

It was found that concentrations of Co, Cu, Mn and Fe in stream sediments 

were similar to contents in the majority of topsoils in the catchments, confirm-

ing previous studies (Thornton, 1968). However, soils of the Pulsford series, 

which were found in narrow strips adjacent to streams, contained lower concen-

trations of the trace elements studied than the predominant freely drained High 

Week and Dartington series, and this was not indicated by stream sediment data. 

In an exceptional catchment, where the Pulsford series formed at least 15 to 20% 

of the catchment soils, the stream sediment was enriched in Mn compared to all 

topsoils of the catchment. Availability of all the elements studied is greater 

on the poorly drained Pulsford series and as a result herbage contained moderate 

to high concentrations of Co, Cu, Mn and Fe on all the series studied. Stream 

sediment patterns, although failing to indicate the low total metal contents of 

the poorly drained soils, generally present few problems of interpretation from 

the agricultural point of view. 
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Soils derived from Devonian slates in south-west England cover an area of 

approximately 1,700 square miles. Soils of the High Week, Dartington and Puls-

ford series cover an area of approximately 1020, 340 ald 170 square miles res-

pectively (Harrod, pers.com.1972). 

B. 	Upper and Lower Carboniferous Shales and Sandstones.  

It was found that in areas of gentle slopes, dominated by poorly drained 

soils, stream sediments show enrichment in Co, Mn and Fe in relation to catch-

ment topsoils. This corroborated earlier findings (Horsnail, 1968). In areas 

of steep slopes, where soils are predominantly freely drained, concentrations of 

Co, Cu, Mn and Fe in sediments reflect concentrations in the freely drained 

topsoils. Enrichment of Co, Mn and Fe in the stream sediment was particularly 

marked when the Tedburn series (surface-water gley) covered at least 20% of the 

catchment area. 	Concentrations of total Mn were considerably lower in poorly 

drained than freely drained soils, particularly where the former were adjacent 

to the stream. Moderate concentrations of Co, Mn and Fe were found in herbage 

on Upper Carboniferous rocks, but in early summer many herbage samples contained 

'low Cu concentrations. 	Similarly on Lower Carboniferous rocks low Co contents 

occurred in herbage in autumn but levels of the other elements -studied were 

generally moderate to high in summer and autumn. 

Considerable enrichment of stream sediments in Co, Mn and Fe in relation 

to topsoils may occur in catchments dominated by poorly drained soils. There-

fore a soil map is a useful aid to the interpretation of stream sediment data 

from areas of Upper and Lower Carboniferous shales and sandstones as it outlines 

the relative importance of the various soil series within a given catchment. 

Soils derived from these rocks cover an area ofapproximately 1800 square 

miles in south-west England. The Dunsford, Halstow and Tedburn series cover 

250, 340 and 570 square miles respectively (Harrod, pers.comm.1972), but the 

Reedy Complex is of little significance. The Dunsford series is similar to 

other soils on the argillaceous Palaeozoic rocks of Highland Britain (Clayden, 

1964) and may be directly comparable with the Denbigh. series. 
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C. 	Devonian Sandstones  

Concentrations of Co, Cu, Mn and Fe in stream sediments were similar to 

concentrations in topsoils of the predominant freely drained brown earths. 

They did not ,however show up the very low concentrations of these ele-

ments in topsoils of the podzolic Ilkerton and Kentisbury series (on hill tops), 

or low Co, Mn and Fe contents of the poorly drained Chapman series adjacent to 

streams. 	Herbage, particularly on the podzols, frequently contained low con- 

centrations of Co and Cu - in some cases less than 5 p.p.m. Cu. In a catchment 

on the Lynton Beds leaching of soils in the acid moorland environment led to Co 

and Mn enrichment in the stream sediment in relation to topsoils. In areas on 

the sandstones where podzolised soils do not occur interpretational problems 

do not arise. 

Soils derived from Devonian sandstones in south-west England cover an 

area of approximately 700 square miles of which the Blackmoor Gate soil series 

extends over approximately 340 square miles (Harrod, pers.comm.1972). The 

extent of the other series investigated is not known. It may also be possible 

to extrapolate the results to areas underlain by Old Red Sandstones in parts of 

Shropshire, Herefordshire, Monmouthshire, Brecknockshire, Glamorganshire, 

Carmarthenshire and Pembrokeshire. 

(ii) Wales  

A. 	The Denbigh Upland 

Trace element contents of stream sediments were generally similar to 

mean Co, Cu, Mn and Fe concentrations in topsoils, confirming earlier studies 

(Thornton, 1968) but did not indicate the marked variations in trace element 

contents between individual soil series. In particular, the poorly drained 

Sannan and Cegin series generally contained lower total concentrations of Co and 

Mn than the other series and stream sediments, but as these elements were 

generally more plant-available interpretational problems relating to agriculture 

did not arise. In an exceptional catchment, where poorly drained soils occupied 

at _Least 15 to 20% of the area, the stream sediment was enriched in Co and Mn 

in relation to the majority of soils in the catchment. 
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Concentrations of Cu in herbage in mid-summer were generally low, parti-

cularly on the Powys series where many samples contained less than 5 p.p.m. Cu. 

It is suggested that a soil map is a useful aid to the interpretation of stream 

sediment data since it can be used to delineate areas of different soil series 

between which trace element "availability" to herbage may vary. Overliming of 

soils, and reduction of trace element "availability", or further increases in 

stocking rates on the Upland could lead to the occurrence of trace element dis-

orders, possibly sub-clinical, in livestock. 

B. The Denbigh Moorland  

Concentrations of Co, Mn and Fe in stream sediments showed heavy enrich-

ment in relation to topsoil contents, but Cu concentrations were slightly lower 

in sediments than mean topsoil contents. There were marked differences in con-

,centrati:ons-of-the-elements studied• between individual soils. Low concentrations 

of Cu(less than 10 p.p.m. in dry matter) occurred in many herbage samples and 

low concentrations of Co, Cu and Mn were found in herbage on the Manod series, 

but in general herbage, particularly heather, contained moderate to high con- 

centrations of Co, Mn and Fe. 	In view of the variations in trace element 

"availability" to plants between soil series, a soil map, delineating the extent 

of a given series, is a useful aid to the interpretation of stream sediment data. 

C. Extrapolation of Results  

The area of Wales is some 8,016 square miles (Bowen, 1957). Soil sur-

veyors have generally considered Cambrian, Ordovician and Silurian shaly sedi-

ments together as one parent material, occupying about 55% of the land area 

of Wales (Ball, pers.comm,1972). 	These rocks arc the predominant parent material 

in north and mid-Wales. However the results of the present study are of parti-

cular application in areas underlain by Ordovician and Silurian rocks (about 44% 

of the land area of Wales). The area of Silurian rocks is about 30% of the 

land area (Ball, pers.comm.1972). 

Results from the Denbigh Upland can probably be extrapolated over approxi-

mately 26% of the land area of Wales (2,100 square miles), where soils of Brown 

Earth association are underlain by Ordovician and Silurian shaly sediments. 
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Considering the soil surveys carried out in Denbighshire (Ball, 1960) and 

• north Cardiganshire (Rudeforth, 1970), covering approximately 600 square miles, 

proportions of the area occupied by soil series investigated in the present 

study can be extrapolated to give an estimate of their importance in Wales as 

a whole, as shown below:- 

Soil Series 	 Area Covered (Square miles) 

Powys 	 100 

Denbigh 	Brown Earth 	The "Denbigh 	700 
1000 

Sannan 	 Association" 	110 

Cegin - Surface-water Gley 	 90 

Aled - Alluvial soil 	 45 

About 13% of the land area of Wales (about 1050 square miles) is 

occupied by soils comparable to those of the Denbigh Moorland (Ball, pers.comm. 

1972), including soils of the Hiraethog, Ynys and Caron series. About 5% (400 

square miles) is occupied by soils of Brown Podzolic type, such as the Manod 

series. It is estimated that the soils examined in the present study occupy 

the following areas of Ordovician and Silurian shaly sediments in Wales: 

Soil Series. 	 Area Covered (Square miles)  

Hiraethog - peaty gleyed Podzol 	 50 

Ynys 	- peaty Gley 	 70 

Caron 	- organic soil 	 10 

Manod 	- Brown Podzolic soil 	 55 

It must be emphasised that similar shaly parent rocks are found in the 

Lake District and over a large area in the Southern Uplands of Scotland. It 

appears, therefore, that results obtained from investigations in two types of 

environment on Silurian shales in Denbighshire can be extrapolated to cover 

very much larger areas of similar rocks. 

(iii) A Comparison of. Factors Affectia Interyretation of Geochemical  

Reconnaissance Data in South-West England and Wales. 

In the areas of south-west England studied the main factor influencing 

the interpretation of stream sedment r:aIa, in tencts of the relationships bet- 
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ween Co, Mn and Fe contents of sediments, topsoils and herbage, is soil drainage. 

Enrichment of Co, Mn and Fe (and probably Ni and Zn) in stream sediments is most 

likely to be associated with areas of poorly drained soils. Examples have been 

shown over Upper and Lower Carboniferous shales, In addition soil pH is of 

significant though lesser importance. Soil acidity may lead to Co, Mn and Fe 

enrichment of sediments in some moorland areas, such as Exemoor, as under these 

conditions the elements are leached from the soil and concentrated in the stream 

bed. 	Podzolised soils influence the stream sediment-soil relationship for the 

elements studied in areas of coarse-textured rocks in north Devon and probably 

parts of Somerset. The podzols which occur on hilltops, generally contain low -

concentrations of Co, Cu, Mn and Fe in the surface horizons (above the iron pan), 

and herbage (particularly grasses) growing on these soils frequently contains 

low concentrations of the trace elements studied. 

In Wales there are large areas on Silurian and Ordovician shaly sedi-

ments where acid moorland conditions result in the heavy Co, Mn and Fe enrich- 

-- ment found in stream sediments on the Denbigh Moorland. Fixation of Cu by 

Soil organic matter on the Denbigh Moorland has also been noted, resulting in 

slightly lower concentrations of Cu in sediments than in the peaty topsoils. 

The effect of poor soil drainage is of lesser significance than in south-west 

England. On the other hand, podzolisation is more important in influencing 

the stream sediment-soil relationships in Wales than in south-west England, as 

such soils occupy a large proportion of the land area. As a result of incipient 

podzolisation the Powys series on the Denbigh Upland is depleted in trace 

elements in relation to the underlying shale. Herbage of low Cu content grows 

on this soil and, on the Denbigh Moorland, low concentrations of Co, Cu and Mn 

occur in herbage on the Manod series. 

The high organic matter content of soils on the Denbigh Moorland has led 

to fixation of Cu in soils and to low Cu concentrations in herbage. In contrast, 

concentrations of Cu in stream sediments in Devon generally reflected Cu con-

tents of topsoils and these in turn, in the largely mineral soils, to some extent 

reflected plant Cu contents. 
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It is suggested that during the interpretation of the geochemical Atlas, 

enrichment of stream sediments in relation to topsoils in Co, Mn and Fe (and 

probably Ni and Zn) is most likely to be associated with poorly drained soils 

in south-west England, hut: with acid moorland conditions and associated podzols 

in north and mid-Wales. 
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CHAPTER IX:  CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK. 

1. 	CONCLUSIONS  

Geochemical reconnaissance by stream sediment sampling can be 

carried out rapidly and cheaply and techniques used subsequently in compiling 

geochemical maps are simple and inexpensive. There are many examples of the 

successful use of stream sediment data to outline areas of trace element 

imbalance in crops and livestock. However, problems of interpreting the 

data in terms of the total and "available" metal contents of soils are compli-

cated by the influence of environmental factors, of which soil variation is 

one of the most significant. 

Agricultural interpretation of stream sediment data on a regional 

basis involves the location of relatively large areas in which concentrations 

of the element concerned fall within a certain range and, assuming they are 

reflected by the total metal contents of topsoils, constitute a "problem" area. 

However, interpretation of geochemical reconnaissance data within a problem 

area must be modified to take into account local differences in trace element 

distribution resulting from variations in the trace element content of the 

parent material and the influence of soil factors. 

(i) 	Agricultural Interpretation of Stream Sediment Data for Co, Cu and Mn  

in Parts  of Devon.  

A. 	Areas Underlain by Slates of Devonian Age. 

1) Concentrations of Co, Cu, Mn and Fe in stream sediments are similar to 

concentrations in the majority of topsoils within a given catchment, confirming 

previous studies (Thornton, 1968). 

2) Although the poorly drained soils adjacent to streams (normally the 

Puisford series - a ground water gley) contain lower total concentrations of Co 

and Mh than the freely drained brown earths upslope (High Week and Dartington 

series) - 13 to 20 p.p,m. Co and 200 to 500 p.p.m. Mn in the former compared 

to 15 to 40 p.p.m. Co and 600 to 2000 p.p.m. _•1n in the latter soils - the 
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elements are more "available" to plants in the poorly drained soils. 

3) The Pulsford series is derived from rocks of similar trace element 

content (approximately 28 p.p.m. Co, 2/ p.p.m. Cu, 5% Fe and 410 p.p.m. Mn) 

to the High Week and Dartington series, but as a result of reducing conditions 

and increased weathering of the parent material, mobilisation and leaching of 

Co and Mn has occurred in the poorly drained soils. Under normal conditions 

areas of such soils are small and no appreciable enrichment of Mn and Co is 

observed in the stream sediment. 

4) In exceptional catchments where the proportion of poorly drained soils 

exceeds 15 to 20%, the stream sediment has been found to be enriched in Mn in 

relation to all topsoils in the catchment, and in Co and Fe compared to most of 

the poorly drained soils. 	This is associated with Mn and Fe staining in the 

stream bed and on the banks. Although there may be some release of Cu from 

soil minerals due to increased weathering at poorly drained sites, Cu enrichment 

of the sediment has not been found in the catchments studied. 

5) Coneentrations of Co; Cu and Mn in herbage on all series are variable 

but, irrespective of the total metal content of the soil, generally higher than 

the minimum concentrations in dry matter recommended for ruminants (A.R.C.,1965), 

ranging in June from 4.8 to 17.4 p.p.m. Cu and 60 to 575 p.p.m. Mn, and in 

September from 0.06 to 0.28 p.p.m. Co, 5.2 to 31.6 p.p.m. Cu and 124 to 488 p.p.m. 

MA. 

6) The results of the present study can be extrapolated over an area of 

similar soils and parent material covering approximately 1500 square miles in 

South-west England. 

B. 	Areas Underlain ty Upper Carboniferous Shales and Sandstones. 

7) In areas of steep slopes and predominantly freely drained soils, such as 

the Dunsford series, concentrations of Co, Cu, Mn and Fe in stream sediments 

range from 15, 34, 1848 p.p.m. and 5.5% to 20, 36, 2000 p.p.m. and 6.0% res-

pectively and arc similar to nose in the soils. 

8) In areas of gentle_ slopes where poorly drained soils predominate, stream 

sediments ;f:c. enriched in Co, .11'1 and Fe in relation to topsoils, confirming 
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previous studies (Horsnail, 1968). Enrichment of Co, Mn and Fe in stream 

sediments is particularly marked in catchments where the Tedburn series (a 

surface-water gley which is generally found on gentle slopes and may also occur 

at the base of the slope) covers at least 20% of the area, aid is associated 

with heavy Mn and Fe staining on the bank and stones in the stream-bed. 

9) 	Copper concentrations in sediments are generally similar to concentrations 

in catchment topsoils regardless of soil drainage status, since Cu mobility is 

relatively unaffected by soil redox conditions. 

ln\ 	As a result of mobilisation and leaching under reducing conditions, and 

possibly increased weathering of parent material, Mn concentrations are lower 

in poorly drained than freely drained soils, ranging from 100 to 1300 p.p.m. 

in the former compared to 500 to 1600 p.p.m. in the latter. Concentrations of 

total Mn are particularly low in poorly drained soils adjacent to streams 

(normally Reedy Complex). 

11) In a catchment where the stream sediment shows trace element enrichment 

in relation to sopsoils, the proportions of the total content of the enriched 

element removed by weak chemical extractants from the sediment are greater than 

from topsoils. Partial extractants may thus be useful in confirming areas 

where poor soil drainage is affecting the soil-stream sediment relationship. 

12) Irrespective of soil series, in June and September 90% of herbage samples 

contained less than 10 p.p.m. Cu in the dry matter. In June 18% contained less 

than 5 p.p.m. and in September the proportion was 13%, Low concentrations of 

Cu in herbage were not however related to any of the soil properties determined 

during the present study, such as the total and extractable Cu contents of 

topsoils. 	Concentrations of Co and Mn in herbage show wide variations within 

catchments, ranging from 0.03 to 0.25 p.p.m, Co and 44 to 720 p.p.m. Mn in 

September. 

13) The results of the present study can be extrapolated over an area of 

similar soils and parent material covering approximately 1200 square miles in 

sonth-wst England, 
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C. 	Areas Underlain by Lower Carboniferous Rocks - the Eastcott Catchment.  

14) The stream sediment is enriched in Co, Cu and Mn compared to topsoils of 

the Dunsford series, occupying the hill top and upper slope which contain 2.5, 

20 and 360 p.p.m. to 35.6, 74 and 1100 p.p.m. respectively, but concentrations 

of these elements in the poorly drained Tedburn and Reedy soils on the lower 

slope and valley floor (ranging from 40, 70 and 1300 p.p.m. to 50, 120 and 1512 

p.p.m. Co, Cu and Mn) are similar to those in the stream sediment, confirming 

earlier work (Fletcher, 1968; Horsnail, 1968; Thornton, 1968). 

15) The Dunsford series on Longham Down is freely drained and is derived 

from shales containing lower concentrations of Co, Cu and Mn (approximately 

6.0, 39.0 and 140 p.p.m. respectively) than those downslope (approximately 31.0, 

75.0 and 190 p.p.m. respectively). 

16) Around mid-slope there is a change in the trace element content and 

permeability of the shale parent material. 

17) The poorly drained Dunsford, Tedburn and Reedy soils of the lower slope 

and valley floor are leached of Co, Mn and Fe under reducing conditions, which 

results in precipitation of these elements in relatively oxidising conditions 

in the soil immediately adjacent to the stream and in the stream sediment. 

18) Concentrations of Co in herbage varied appreciably and were in no way 

related to soil series or any soil properties determined during the present 

study. 	90% of the herbage samples contain less than 0.1 p.p.m. in dry matter. 

Low Cu concentrations (in some cases less than 5 p.p.m.) are also found in 

herbage from the freely drained Dunsford soil on Longham Down, but otherwise 

concentrations of Cu, Mn and Fe in herbage are generally moderate to high, 

ranging from 6.0 tc 14.0 p.p.m. Cu, 15 to 440 p.p.m. Mn and 50 to 410 p.p.m, Fe 

in June and from 6.0 to 15.0 p.p.m. Cu, 43 to 576 p.p.m. Mn and 60 to 450 p.p.m. 

Fe in September. 

D. 	Areas Underlain by Devonian Sandstones in North Devon. 

19) 	Concentrations of Co, Cu, Mn and Fe in stream sediments are lower than 

in the other Devon study areas, ranging from 10, 5, 492 p.p.m. and 0.8% to 17, 

54, 936 p.p.m. and 4,1% respectively, and are similar to concentrations in the 
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predominant freely drained brown earths (Blackmoor Gate or Bodley series). 

20) Concentrations of Co, Cu,Mn and Fe in the rocks (sandstones) ranged 

from 16.0, 5.0, 150 p.p.m. and 2.8% to 30.0, 44.0, 760 p.p.m, and 4.2% res-

pectively, compared to 27, 21, 710 -p.p.m. and 4.4% to 30, 29, 1800 p.p.m. and 

5.0% in Devonian slates and 6.0, 14, 90 p.p.m. and 1.6% to 31, 75, 390 p.p.m. 

and 9.4% in Upper and Lower Carboniferous shales and sandstones. 

21) Relatively low concentrations of the elements studied (1.4 to 5.2 p.p.m. 

Co, 2.0 to 9.0 p.p.m. Cu, 12 to 408 p.p.m. Mn and 0.1 to 0.3% Fe) are found in 

topsoils of the podzolic Ilkerton and Kentisbury series, which are Iodated on 

on hill tops far removed from streams, and are in no way reflected by the stream 

sediment contents. Low total Co, Mn and Fe contents also occur in the poorly 

drained Chapman series (ground water gley) adjacent to streams. 

22) Trace element availability to plants is often low in the podzols but 

in the poorly drained soils Co, Cu and Mn are generally more mobile than in the 

brown earths. 

23) In a somewhat atypical moorland environment (most of the area underlain 

by Devonian sandstones - approximately 80% - is under grassland with small areas 

of woodland) the stream sediment is enriched in Co, Mn and Fe in relation to 

all topsoils, associated with Mn and Fe staining on the stream bank and sediment. 

Concentrations of Cu, however, are similar in sediment and topsoils. As a 

result of podzolisation, leaching in acid groundwater and, at some sites, 

6 

mobilisation under reducing conditions, concentrations of Mn and Fe are lower 

in the Ilkerton series than in the freely drained slope soils (unnamed) ranging 

from 14 p.p.m. and 0.1% to 16 p.p.m. and 0.2% in the former compared to 4.7 p.p.m. 

and 0.2% to 272 p.p.m. and 2.9% in the latter. Low concentrations of Mn and Fe 

(12 p.p.m. and 0.1% to 20 p.p.m. and 0.4% respectively) also occur in the poorly 

drained Chapman series near the stream. Total Co contents show little variation 

between soils, being uniformly low (2 to 9 p.p.m.) 

24) Podzolisation results in the redistribution of trace elements within the 

profile's of Kentisbury and Ilkerton soils. 	In typical profiles concentrations 

of Co, Mn and Fe are lower in the surface horizons, ranging from 3.0, 3 p.p.m, 
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and 0.4% to 6.0, 80 p.p.m. and 0.7% respectively, than in the B
Fe 

and C horizons 

(4.0 to 30.4 p.p.m. Co, 68 to 168 p.p.m. 	and 2.8 to 9.6% Fe), although Cu 

and Mn show some enrichment in the litter layer, which may contain 13 to 15 

p.p.m. Cu and 50 to 80 p.p.n. Mn. - Trace elements appear to be depleted in 

groundwater. There is little evidence for trace element accumulation in soils 

downslope or (except under moorland conditions) in the stream sediment, 

indicating that trace elements are removed in the drainage system. 

25) The results can be extrapolated to cover an area of approximately 700 

square miles and may also be applied to areas underlain by similar parent 

materials, such as Old Red Sandstones in parts of Shropshire, Herefordshire, 

Monmouthshire, Brecknockshire, Glamorganshire, Carmarthanshire and Pembrokeshire. 

(ii) Agricultural Interpretation of Stream Sediment Data for  Co Cu and Mn 

in Parts of  Denbighshire. 

A. 	The Denbigh Upland.  

26) Over much of the area trace element contents of stream sediments are 

.similar, to mean Co, Cu, Mn and Fe contents of topsoils,. as found in earlier 

studies (Thornton, 1968), but do not indicate the marked variations between 

individual series. 

27) In particular the poorly drained Sanhan and Cegin series near the streams 

generally contain lower concentrations of Co and Mn (ranging from 6 and 150 p.p,m. 

to 21 and 460 p.p.m. respectively in topsoils) than the freely drained brown 

earths (Powys and Denbigh series) on the hill tops and slopes (6 and 550 p.p.m. 

to 17 and 1200 p.p.m. respectively). 

28) Larger proportions of the total Co and Mn contents are generally "avail-

able" to plants in the poorly drained topsoils than in the freely drained soils 

upslope. 

29) In relatively atypical catchments where poorly drained soils occupy at 

least 15.to 20% of the catchment, the sediment is enriched in Co and Mn compared 

to concentrations in the majority of soils in the catchment, associated with Mn 

and Fe staining en the bank and sediment. 
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30) The Powys series, occurring mainly on the interfluves, under natural 

vegetation contains lower concentrations of trace elements in topsoils (6 to 

7 p.p.m. Co, 10.5 to 12 p.p.m. Cu and 320 to 640 p,p.m. Mn) than the Denbigh 

soils downslope (10 to 16 p.p.m. Co', 16 to 26 p,p.m. Cu and 610 to 850 p.p.m. 

Mn), but after reclamation and the addition of basic slag (which may contain 

high levels of trace elements) concentrations are similar in both series. 

31) It is suggested thatincipient podzolisation (movement of trace elements 

down the profile in complex form with organic compounds leached from the covering 

vegetation) is the predominant factor causing depletion of Co, Cu and Fe in the 

Powys topsoil in relation to concentrations in the subsoil and parent material 

(concentrations in the latter range from 17.2, 12.8 p.p.m. and 3.2% to 34.4, 

40.0 p.p.m. and 5.0% respectively). 

32) As a result of variations in trace element distribution between soil 

series, the relative importance of a given soil within a catchment influences 

the interpretation of stream sediment data in areas where the "Denbigh 

Association" occurs. 

33) Concentrations of Cu in herbage are low in mid-summer (80% contained less 

than 5 p.p.m. Cu), regardless of soil series. Concentrations of Co, .Mn and Fe 

in herbage are generally moderate to high, ranging from 12 p.p.m. Mn and 120 

p.p.m. Fe to 560 p.p.m. Mn and 1150 p.p.m. Fe in July and 0.02 p.p.m. Co,20 

p.p,m. Mn and 100 p.p.m. Fe to 0.23 p.p.m. Co, 615 p.p.m. Mn and 1330 p.p.m. Fe 

in September, irrespective of soil type. 

34) The results can be extrapolated over an area of about 2,100 square miles 

in Wales and may possibly also be related to areas of similar soils in the Lake 

District and the Southern Uplands of Scotland. 

B. 	The Denbigh Moorland 

35) Concentrations of Co, Mn and Fe show heavy enrichment in stream sediments 

in relation totopsoils, confirming earlier work (Nichol et al, 1967), and do 

not indicate the marked differences between concentrations of these elements in 

the prihcipal soil series. However, Cu concentrations are similar in topsoils 

and sediments, 
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36) The heavy enrichment of Co, Mn and Fe 1Ll Moorland sediments indicates 

that leaching of these elements is more severe in the Moorland than in the 

Upland environment. ThiS has led to the greater depletion of Co, Cu, Mn and Fe 

in the Moorland compared to the Upland soils. This is primarily the result of 

higher rainfall above 300 metres and the extreme acidity of the organic Moor-

land soils (pH ranges from 3.1 to 5.1 on the Moorland compared to 4.7 to 6.0 

on the Upland). 

37) Concentrations of Co, Cu, Mn and Fe are similar in samples of Silurian 

shale bedrock from both the Upland and Moorland, ranging from 16, 13,.170 p.p.m. 

and 3.2% to 37, 78, 1000 p.p.m. and 5.6% respectively. 	However, concentrations 

of Co, Cu, Mn and Fe in topsoils range from 6, 11, 40 p.p.m. and 2.7% to 28, 

90, 1900 p.p.m. and 13.2% respectively on the Upland compared to 1.0, 6, 12 

p.p.m. and 0.1% to 16, 32, 1200 p.p.m. and 0.2% on the Moorland. 

38) As a result of podzolisation Co, Cu, Mn and Fe have been leached from 

'the surface horizons of the Manod and Hiraethog series and accumulated down 

the profile. It has been suggested that the depth of the iron pan and the zone 

of maximum accumulation of trace elements (generally the iron pan or the layer 

immediately below the pan in the present study) may depend on the plant species 

involved in the podzolisation process (Bloomfield, 1955a) due to variations': 

in the types of organic complexing agents produced. 

39) Copper is conadonly enriched in the surface layer of Moorland soils. 

This may be the result of aerial deposition and/or accumulation in plant debris. 

40) Mean concentrations of the trace elements studied are lowest in topsoil 

samples (from the transects) of the Hiraethog and Manod series and highest 

in the Caron peat. This distribution was reflected to some extent by concen-

trations in herbage. 

41) Concentrations of Cu in herbage are generally low (85% of the samples 

contained less than 10 pp.m. and15% less than 5 p.p.m. in the dry matter) and 

sometimes associated with low Co and Mn concentrations (less than 0.1 p.p.m. Co 

and 40‘p.p.m. Mn) which were not restricted to Herbage growing'on any parti-

'cular.soil series. 
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42) 	Concentrations of Cu and Mn in grasses and Fe in mixed herbage are 

slightly lower on the Moorland (ranging from 3.0, 30 and 30 p.p,m. to 13, 1600 

and 380 p.p.m. respectively in July and 2, 60 and 50 p.p.m. to 15, 840 and 680 
• 

p.p.m. in September) than on the Upland, possibly due to species differences 

and low "availability" in Moorland soils. 

43) 	Particularly low concentrations of Mn (30 to 40 p.p,m. in September) are 

found in grasses on the Manod series. 

44) 	The results of the present study can be extrapolated over an area of 

approximately 1500 square miles in Wales. 

(iii) General Conclusions 

A. 	Interpretation of Stream Sediment Data for Co.'u and Mn. 

45) 	In areas of predominantly freely drained soils concentrations of Co, Cu, 

Mn and Fe in stream sediments are similar, to those in the freely drained top-

soils. 

46) 	The major factors influencing the relationship between the total trace 

.element contents of soils and stream sediments, excluding situations affected 

by mineralisation and pollution, are 

(a) parent material 

(b) soil drainage 

(c) topography 

(d) soil Eh and pit 

(e) the process of podzolisation. 

In many cases two or more of these factors are interrelated. 

47) 	The stream sediment-soil-herbage relationship is complicated by factors 

which affect trace element "availability" and uptake by plants,such as soil pH, 

Eh, form of ions in the soil solution, amount and type of soil organic matter, 

rooting depth, seasonal effects, maturity, species differences and fertilizer 

applications. 

48) 	Soil ITap may be used as an aid to, inieeepretation of stream sedi‘llent data 

as they‘ outline features of the secondary environment prevailing wiLhilk an area, 
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49) The overall interpretation of stream sediment data for Mn and Co and 

other more mobile elements such as Fe, Zn, and Ni depends upon a number of soil 

factors, in particular soil drainage (Eh) and pH, at both the stream sediment-. 

soil phase and the soil-plant phase: Interpretation of Cu data is somewhat 

dependent on soil pH, but the nature and extent of the soil organic matter 

content is thought to be of prime importance. 

50) Concentrations of Mn and Fe, and sometimes Co, are generally higher in 

herbage on poorly drained than freely drained soils, due to increased "avail-

ability" in the former soils. Consequently the extent of freely drained and 

poorly drained soils within an area, although affecting the total Co and Mn 

contents of the soil, may have no effect on herbage status. Plant uptake of 

Cu, however, is not related to soil drainage status but rather to soil organic 

matter contents and the total soil Cu contents. 

51) It was found that rush&s (Juncus spp.) and heather (Calluna vulgaris) 

consistently contain higher concentrations of Mn than adjacent grasses. 

52) Concentrations of Cu, Mn and Fe are generally. lower in herbage in early 

to mid summer than in autumn. This factor may have an important influence on 

stream sediment-soil-herbage relationships in areas where trace element contents 

of herbage are marginal, particularly Cu, and may be related to subclinical 

deficiencies in livestock during the earlier part of the SUltmler. 

B. 	Greenhouse Experiments  

53) Concentrations of Cu and Mn in perennial ryegrass were in some cases 

related at the beginning of the trials to soil properties measured during the 

present study, such as organic matter and extractable soil metal contents. 

However, at later harvests herbage Cu and Mn contents showed little relation to 

soil features. 

54) Low concentrations of Cu and Mn occurred in ryegrass on a number of Devon 

soils, including the Halstow and Dunsford series, and on all the Denbighshire 

soils, correspondiag in some cases to results obtained for herbage samples from 

the ficid. 
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55) In the short-term nitrogen applications were generally associated with 

an increase in Mn contents of ryegrass on the Devon soils, but at the end of 

the trial Cu and Mn concentrations in herbage were lower where nitrogen had 

been applied than in the controls. 

56) With few exceptions, nitrogen applications were associated with a 

decrease in Mn and Cu contents of ryegrass on the Denbighshire soils, probably 

because of low "availability" and the low total Cu and Mn status of most of the 

soils compared to those from Devon. 

57) Greenhouse experiments can be usefully related to field conditions and 

the results obtained may indicate the effects of cultural practices on trace 

element concentrations in herbage. 

C. 	Analytical Techniques 

58) Concentrations of Co in herbage samples, ranging from 0.00 to 0.30 p.p.m., 

were determined using atomic absorption spectrophotometry. 

59) Simple laboratory experiments suggest that 16 hour extraction of top-

soils with 0.05M.EDTA gives a good overall estimate of the "availability" of 

Cu and Mn to herbage, but it is preferable to carry out comparitive extractions 

with acid and neutral NH
4
Ac on selected soil samples. Routine extractions of 

topsoil samples from the field areas confirmed that EDTA-extractable (and total) 

Cu contents are often related to concentrations of Cu in herbage. On occasions 

this was true for Mn. Further confirmation was provided during the greenhouse 

experiments. 	None of the extractants used remove amounts of Co from soils 

related to Co contents of herbage. It is concluded that EDTA extractions, on 

the whole, give a useful estimate of "available" Cu, and sometimes Mn (but not 

Co), contents of topsoils. 

60) Eh readings, measured rapidly in soils in the field, may be used in 

conjunction with other parameters such as soil drainage status, colour and 

mottling. 
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2. 	RECOMENDATIONS FOR FURTHER WORK 

1) The relationship between the total Cu content of the stream sediment 

and total Cu contents of soils requires further investigation. It is impor-

tant to study and relate the forms in which Cu is held in soils and stream 

sediments and the mechanisms by which Cu moves into the drainage sediment 

under varying environmental conditions. Although considerable work has been 

carried out concerning the retention of Cu in highly organic, acid moorland 

soils, it remains to relate this work to the factors influencing the Cu con-

tents of stream sediments in these areas with regard to the form in which Cu 

is held in the moorland stream sediment. 

2) The results of the present study serve to reinforce an earlier 

suggestion (Webb and Thornton, 1970) that stream sediment reconnaissance may 

be combined with soil survey investigations and rapid visual assessment, to 

compile some form of atlas of secondary environmental features which may 

influence the agricultural interpretation of stream sediment data. 
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APPENDIX 1. 

DETERMINATION OF COBALT IN HERBAGE (Leen, pers.Comm.1970) 

Cobalt is normally present in herbage at concentrations ranging from 

0.05 to 0.3 p.p.m. (Whitehead, 1966). The method used in the present study 

to determine Co in herbage can be subdivided into three discrete headings: 

(i) Solubilisation of the sample. 

(ii) Solvent extraction of Co. 

(iii) Analysis by atomic absorption spectrophotometry. 

(i) Solubilisation of the Sample. 

Five or, where possible, 10g. samples of dried, ground herbage were 

digested as described in Chapter II, page 12.. 	The residue was leached with 

10 mis. of M.HC1 and filtered through Whatman No.42 filter paper into a clean 

pyrex tube. 

(ii) Solvent Extraction of Cobalt 

Ammonium tetramethylene pyrrolidine dithiocarbomate (APDC) complexes 

with more than thirty elements over a wide pH range and most of these complexes 

can be extracted into suitable organic solvents such as methyl isobutyl ketone 

and chloroform. Metals such as Mg, Ca, of which Ca in particular may cause 

interference when Co is determined at low levels, Al, Ba, Sr and the 

lanthanides, in aqueous solution, do not form complexes with this reagent. 

The atomic absorption signal from a given metal-APDC complex in an organic 

solvent is considerably enhanced by comparison with that obtained in aqueous 

solution. 

A 5 ml. alignot of the sample solution was pipetted into a 250 ml. 

separating funnel. 	100 mis. of de-ionised water were added, followed by 

3 mis. of 1% (W/V) APDC solution. 	The pH of the solution was adjusted to 

about 4 with molar sodium hydroxide solution. A final adjustment to pH 4.6 

was made withsodiumacetate buffer solution which had been previously stripped 

of trace metals with AMC. The separating flask was shaken for at least two 

minutes ad left to stand for five minutes. 10 mis of AR chloroform were 

added and the flask shaken for at laast two mi,,c.es before it was lef t to 
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stand to allow the phases to separate. 	The lower chloroform layer was 

run into a 1.00 ml. conical flask. Extractions were repeated using 1 ml. 

of 1% APDC solution and 5 mls, of chloroform until the organic phase was 

colourless, and extracts were collected in the same flask. 

The chloroform extract was evaporated on a steam-bath, the Co back-

stripped into the aqueous phase by adding 1 ml. of concentrated nitric acid 

and the solution evaporated to dryness. The residue was leached with 5 mis. 

of 2M.HC1 over a steam-bath, allowed to cool and 5 mis. of AR iso-propanol 

added. 

(iii) Anal.tsisbAtonzlic11a2211LionSpectrophotometry. 

The instrument used was the double-beam Perkin-Elmer Model 303; the 

following parameters were used: 

Co resonance line 240.7 nm. 

Slit width 4 

Air flow-rate 6 

Acetylene flow-rate 5.5 

Lamp current 35 mA 

Scale expansion X10 

A series of standards containing 0.02, 0.05, 0.075, 0.1 and 0.25 mg./ml. 

Co were made up in 1 : 1 iso-propanol/2M.HC1 solution. The sample solution and 

series of standards were sprayed into the air-acetylene flame and the percent 

absorption recorded on chart paper. The 1 : 1 iso-propano1/2M.HC1 solution 

was used as a blank. 



Depth (cms) 	Mottles 
and 
Horizon 	(%) 

(a) Moderately Drained 

Eh(mv) • pH 	Total Metal Content (ppm) 

Co 	Cu Fe(%) Mn 

on the North Side of the Stream 

Colour 

Dartingtori Series 

APPENDIX 2.. 

Soil Profile Data from Catchment 2, Devonian Slates East of Dartmoor 

0-10 	) 0 5YR4/4 +2.1 6.1 36.0 44.8 6.9 892 
10-20 ) A 0 5YR4/6 +2.1 6.1 31.2 30.0 • 7.6 928 
20-40 ) *0 5YR4/6 +2.3 5.8 30.4 30.8 7.6 560 
40-60 ) 0 5YR4/6 +2.3 5.8 37.6 34.8 8.1 692 
60-60 ) 0 5YR4/6 +2.0 5.9 35.2 35.6 7.5 968 
80-100 ) 0 5YR4/6 +2.0 5.9 54.4 37.2 7.9 1140 
100-120 ) 0 5YR4/6 +2.0 5.9 48.0 34.8 7.5. 1080 
125-135 C 0 5YR4/6 +1.8 6.1 45.0 32.0 8.4 1668 
Slate R 56.0 32.0 9.2 1968 

(b) Moderately Drained High Week Series on the South Side of the Stream 

A 

B 

C 
R 

0 
0 
0 
0 

-0 
0 

7.5YR5/4 
7.5YR5/4 
7.5YR5/4 
7.5YR5/4 
7.5YR5/4 
7.5YR5/6 

+2.1 
+2.1 
+2.1 
+2.6 
+2.6 
+2.2 

6.2 
6.2 
6.2 
5.3 
5.3 
5.4 

32.8 
28.8 
21.6 
24.0 
28.0 
34.4 
36.4 

28.8 
34.0 
27.2 
24.8 
27.2 
30.0 
36.0 

5.2 
5.2 
5.2 
5.0 
5.0 
5.7 
5.2 

892 
824 
312 
420 
560 
412 
772 

EDTA-Extractable 
Metal Content (ppm) 
Co 	Cu 	Mn 

Loss on 
Ignition 

(%) 

9.0 13.6 780 19.6 
11.3 11.0 865 10.4 
10.9 12.1 420 8.9 
10.6 • 12.4 531 8.2 
9.4 11.9 654 8.2 

12.8 11.6 896 '8.8 
11.5 10.9 942 7.5 .  

8.6 9.5 853 5.7 

7.5 9.4 688 12.3 
9.0 12.6 670 9.9 
6.3 8.7 220 7.4 
6.2 7.6 212 6.9 
5.9 7.5 205 7.1 
4.6 7.2 176 7.5 
- - - 

0-10 
10-20 
20-30 
30-50 
50-70 
70-100 
Slate 


