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(viii) On the Moorland Cu concentrations in herbage were generally low and
sometimes associated with low Co and Mn concentrationms, ﬁowever, trace element
deficiencies in 1ivestoek are rare because of (a) higﬁ 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 théﬁ the Upland, As a result of geologically recent
peat development and the decline of woodland, the Moorland soils are very acid
and reducing cogditions prevail in many areas. Combined with the heavier
rainfall on the Moorland, these factors have resulted in the development of a
very active leaching procéss 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, bérticulariy 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 IIT
further studies were carried out in the four geologically defined areas (a) to
examine the distribution of trace elements within the prbfiles of all scil
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.s -
texture, 3) differences in trace element contents of poorly drained and freely
drained soils are the result of envirommental factors rather than changes in
"the trace element content of the parent material, 4) podzolisation has a
significant effect on trace element distributiop in the profile,

(b) to investigate the relative form and 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 relaﬁionships 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 partington 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 inrthe profile,

(b) Mechanical Composition 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 series 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 ﬁnder poo? drainage conditions’
(Harrod, pers.comm,1970),

Organic matter contents were considerably higher in horizons of
the Pulsford profile (with the exception of the Q ~ 5 cms. layer) compared to
corresponding horizons in the Dartington and High Week series, possibly
because the rate of decay under anacrobic 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 &f Dartmoor

408

Depth (cms) Mottles Colour Eh(mv) pH Total Metal Content (ppm) EDTA-Extractable Loss on  Mechanical Analysis (%)
and Horizon %) Metal Content (ppm) Ignition Fine Coarse Siit Clay
Co ¥ Cu Fe(3) Mn Co Cu Mn (%) Sand Sand
(a) Freely Draired Hill Top (High Week Series), Slope 09
0=5 A 0 7.5YRu/2 +80 5.8 19.2 28.0 5.0 178D 6.7* 9.4 666 21.4 9.5 17.0 37.0 28.4
‘ ' . €35y (W) (3D _
§-10 A 0 7.5YR4/2 fBD 5.8 25.6 28.D 4.D 48 5,1 8.0 61D 15.0 9.5 17.0 37.0 28.%
) (20) (29) (82)
10-2D B 0 7.5YR4/2 +BO 5.8 25.6 30.D u.5 40 5.0 8.4 313 8.9 N.ﬁ?‘N.D. N.D. MN.D.
: : (20)  (28) (7D
20~-40 B/C "0 7.5YR4/2 +210 5.7 42,0 352 5,7 1000 3.9 B.2 536 7.6 N.D. N.D.’ N.D. N.D.
(9) (23) (5%
Slate R - - - - 29.6 34,8 4.9 496 - - - - - - - -
(b) Freely Drained Hill Slope (Dartington Series). Slope 77
0-10 A 0 7.5YR5/4 +160 5.9 29.6 28,8 4.4 1520 6.0 5.0 4E0 2.3 8.5 37.5 26.0 25.2
: (200 (17  (30) )
10-20 A 0 7.5YRS/4 +160 5.9 A.2 26.0 4.3 992 6.2 LA 47s 7.1 N.D. N.D. N.D. N.D.
_ . (200 A7) (u8) :
20-30 B 0 7.5YRS/8 +#180 - 6.1 23,2 23,2 u4.6 472 5.7 4.1 386 6.4 N.D. N.D. ¥.D. H.D.
. . ] ' - : (25) (18) (82) ’
30-45 B . 0. 7.5YRS/8 +180 6.1 - 3u.4 24,8 5.2 452 6.1 4.3 N 6.2 N.D. N.D. N.D. N.D.
. (a9 (17) (82)
50-70 C 0 7.5YRS/8 +170 6.4 32,0 3.6 5.1 472 5.4 3.9 365 4.4 N.D. N,D,- N.D, N.D.
17y (12) () :
Slate R - - - - 22,2 2.2 3.2 huy - - - - - - - -
(c) Poorly Drained Valley Eottom (Pulsford Series). Slope 0% _
0-10 ’ D 1DYRuY/2 -120 6.3 6.4 2D.8 4.6 708 3.7 13.8 620 14,7 7.1 5.2 32.0 47,0
’ : (23) (6S) (88)
10-20 E ' 20 10YRH/2 -120 6.3 18.8 18.0 4.4 256 7.4 16.8 21D  26.0 N.D. N.D. N.D. M.D.
(39) (93) (B2
20-20 20 10YRW/2 =120 6.3 12,0 17.2 u.3 150 6.8 15,2 D3 16.4 N.D. H.D. N.D. N.D.
, (s7) .(88) (69
30-40 Bg ' 10 10YR6/1 -90 5.9 17,6 6.0 1.8 26 7.0 12.1 21  26.8 N.D. N.D. N.D. N.D.
. (40 (78) (7% .
€0-70 Cg 2 2.5YRu/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) (83
Slate R - - - - 28.4 26,9 4.8 - - - - - - - -

*( ) Extractable metal content as a preportion of total metal content (%)

¥ N.D. Not Determined



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

; EDTA-Extractable Metal Loss on pH Eh(mv)
Group of Samples 20- gf Total Metal Content . (ppm) Content (ppm) Ignition
amples :
p Co . Cu Fe($) Mn Co Cu Mn (%)
(a) Topseils \ , .
——————— 312-1780 §.1-9.0 B8.0-12.6 220-6388 7.4-21.4% 5.8-5.2 +£0to+z10
High Week Series (2)¢ 5 19,2-32.8 28,0-37.2 4.0-8.2 911 6.9 9.6 - 871 13.2 6.0 1%
25.8 29.2. : (27)%% __ (33) (63)
o - 560-2432  4.0-12.7 3.6-13.6 210-1080 7.1-19.6 5,8-5.3 41ECtc+2%5
Dartington Series (3) 9 29.6-62.0 '26.0-44.8 u.a-io.u 1330 2.7 8.1 c9g 11.n 5.0 iz
42.2 30.8 7. (21) (26) (u5)
) 150-708 2.2-7.% 13.0-16.8 * 103-520 9.0-26.0 5.6-6,3 =~133t20
Pulsford Series (2) 5 6.4-20.8 17.2-30.8 3,7-4.8 320 4.8 14.5 264 16.0 6.9 137
4.9 23.1 4.2 (32) (63) (a3)
.150-2432  2,2-12.7 3.6-16.8 103-1080 7.1-26.0 5.6-6.3 -120T1+:33
A1l Topsoils (7) 19 6.4-62.0 17.2-L44.8 3.7-10.4 85 .8 10.7 MY 1s.8 £.0 Tes
. 27.6 27.7 5.5 (25) (39) (586)
(b) Subsoils » _ 4U4=1000  3.9-6.2 7.2-8.4  176-536 6.9-8.9  5.3-5.8 +2Stc+2id
High Week Series (2) 5 24.0-42,0 24.8-35.2 4.5-5.7 559 5,1 7.8 288 7.8 5.5 +220
30.8 29.4 5.2 (17) (27) - (52)
. . ' 452-2884  4,5-19.2 1.2-12.4% 250-942 2.9-8,8  5.9-5.5 +1u9ts+33%
Dartington Series (3) 12 23.2-98,0 21.6-37.2 L.6-1u.0 1302 9.3 6.4 557 6.0 6.1 +318%
_ 49.8 30.7 8.4 (19) €21) (43)
: 16-201 2.1-7.0 '8.6-12.1 10-87 3.8-26.8 5.3=6.2 -1%0%.+:30
, Pulsford Series (2) u 15,6~18,1 12.0-30.0 1.3=3.2 68 5.3 10.0 a9 149 .1 v
. . . 17.2 21,0 2.0 (25) (48) (43)
16-288%  2,1-19.2 1.2-12.%  10-942 2.9-26.8 5.3-5.5 =-183%c5+i25
All Subsoils (7) 21 15.6-98.0 12.0-37.2 1.3-14.0 613 5.2 8.1 291 a3 F- ies
32.6 27.0 5.2 (19) (30) (55)
56.0 - 19.5-52.0 3.2-9.2 Coget®
Rocks 7 27.2-56.0 - 19.5-52. .2-9, 751 - - - - _ _
(e) Rocks 37.5 33,0 5.0
. - 542-4000 4.3-5.1 2.9-5,6  125-2356 1.9=3.7 6.2-6.4 41i%tceiiD
(d) Stream Sediments 3 15 18.“-30>Q 5.8 1718 u.7 4.0 879 2.7 6.3 aiin
. 22.5 (31) (18) (51)

#( ) Number of soil profile pits sampled
##( ) Extractable metal content as a proportion of total meta;
content (%)

€9
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(¢) Total Soil Metal Content

In the High Week profile concentrations of Co increased froﬁ
19 p.p.m, at the surfaée to 42 p.p.m. in tﬁe'B/C horiéon. Above 20 cums.
depth Co conteﬁts 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 concentraticns also showed small variations within the profile, The Mn
content of the O to 5 cms, horizon was higher than that of the underlying
Asoil, prebably due to recyvcling by plants,

In the Dartingﬁon series Co, Cu and Fe contents showed little
variation with depth and were higher than concentrations in the underlying
slate; Mangaﬁesé concentratiéns décreased from 1520 p.p.m. at the sﬁrface'to
472 p.p.m, in the B horizon, below which contents remained similar to that

 of the parent_rock (444 p.p.m.),

Concentratlions 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 legching of these elements

o

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

{(d) Extractable Soil Metal Content

| Propoertions of total Co and Cu extracted by EDTA decreased with
depth in the High Week soil But were fairly similar throughout the ﬁartington
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, Proportionskof total Co, Cu and Mn extracted from
the Pulsford series were rathef variable, but generally slightly higher than

" in the other soils,



(e) 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 concenirations 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 pifs and were lower than
concentrations in High Week and Dartington soils and mean contents of rocks,
The mean Fe content of stream sediments was similaf'to'bbﬁténﬁs 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, | | |

(B) Partial Extraction of Topsoils

Concentrations of Co, Cu and Mn extracted by EDTA, acid NH4AC and
neutral NH4Ac 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 NHAAC. This would be expected since EDTA is such a powerful
chelaéing.agent that it removes only sligbtly 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 Fast of Dartmoor (Ranges and Means)

Crigin of _ COBRALT (ppm) COPPER (ppm) MANGANESE (ppr1)
Serples Total Acid NE Ac EDTA- Total Neutral NH,Ac Acid NH,Ac EDTA- Total Neutral NH Ac Acid NH,Ac EDTA-
Extractable Extractable Extractable  Extractable Extractable Extractable Extractable Extractable
15-u0 0.6 5.4~8. 26-33 0.6-1.0 O.4-1.3 7.6-10.2 600-200C  48-S4 127-204 380-790
26.9 (2)%* 7.6 30 0.8 0.9 9.3 1463 72 184 605
1 (26) (3) - (3) (31) (5) (1) ' (41)
20-30 0.7-1.0 3.6-7.0  ~  14-33 1.0-1.4 C.4-1.3 3.8-11.6 1300-2000 25-68 - 96-130 280-612
28.1 0.9 5.3 20.86 1.2 0.8 8.2 1725 u5 , 11y Lg?2
(3 (18 (8) (1) (40) (3) C (7)) (29)
L 8 6 6 6
fulsford 13-20 0.7-1.2 2.0-7.0 18-21 1.0-1.4 0.4-3.2 7.6-15.6 200-5C0 26-89 80-183 66-260 .
Series 15.2 0.5 L.6 19.3 1.1 l.h 10.9 317 62 130 183
5 (e (30 (5) (7) (56) (20) (41 (58)
5 A
Strezn 15 & 0.8 5.1 30 1.0 1.1 5.6 LOCO 353 587 2356
Szdinent (3 (34). - (3) () (18) (9 (15 (60)

N

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

99



TABLE 1t: A Summary of Extractable Cobalt, Ccpper and Manganese Contents of Topsoils (0-15 cms) and Stream Sediments on
Devonian Slates East of Dartmoor

.atchment Sample CORALT (ppm) COPPER (ppm) MANGANESE (ppm)
Total Acid NH, Ac EDTA- Total Neutral NH, Ac Acid NH Ac EDTA- Total Neutral NH Ac Acid NH Ac EDTA-
Extractable Extractable Extractable Extractable Extractable Extractabie Extractable Extractable
Topsoil 13-40  0.6-1.2 2.0-8.6 14-33  0.6-1.U4 0.4-3.2 3.8-15.6 200-2000 26-94 80-204 65-790
i 22 % 2u.1 1.0 5.1 25 1.0 1.6 10.6 12u5 56 116 319
(y)se (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) (W) (19) (9) (15) (60)
Topsoil  5-20 N.D, %5 Y,L4=-14,4 22-47 . N.D. N.D.: - 5,2-12.8 26B4-228L N.D. ; N.D. 74~-884
2 1u 12.5 8.0 28.8 8.7 855 ‘ 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. 5.2-15.6 568-10656 N.D. N.D. 84~880
3 8 4.4 L5 28.3 , 10.3 795 34y
A (31) ‘ (36) ‘ (u3)
- Sediment 15 N.D. 4.5 18.2 N.D. N.D. © 3.5 612 N.D. N.D. 157
(31) (18) (25)
21 - Topsoil  5-40  0.6-1.2  2.0-14.4  1u-42  0.6-1.u 0.4-3.2 3.8-15.6 200-2284  17-175 41-229 66-88U
atch- L 17 1.0 5.9 27.4 1.0 ' 1.6 9.9 998 . 56 116 338
nants _ ) (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) .7 22.5 (3) () . 4.0 1718 (9) (15) 879
1 (31) 1 1 (18 1 1 (51)
Nurber of Samples %%( ) Extractable metal content as a proportion of total metal content (%)

#%%N, D, Not Determined

L9
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(b) Relationships Between Extractable and Total Soil Metal Contents and

Plant Uptake of Cc, Cu and Mn,

When data for the three catchments were combined, correlations
were found between total soil Cu contents and 1) Cu confenéé of herbage in
June (r = 0,325, p <C0.05) and 2) Cu contents of herbage in September
(r = 0.523, p <C0.001). 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, -Neutfal and acid NH4Ac 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 reagenﬁs were considerably higher than those
extracted from topsoils, suggesting thatApart of the total Mn content of the
_sediment is the result of mobilisation and leaching rather than clastic
dispersion within the catchment, which confirms earlier work (Horsmail, 1968).

In Catchment 2 mean EDTA-extractable Co, Cu and Mn contents of
topsoils were higher than extracfable contents of the stream sedimént. In
.Cafchment 3 amounts of Co extracted by EDTA from topsoils and sediments were
similar, but the EDTA~extractable Cu and Mn contents of the stream scdiment
were lower than those of topsoils, There was, therefofe 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

Al Results of Detailed Profile Investigations

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) Eh, pH and Soil Profile Morphology

The Tedburn scries is predominant in Catchmént'l. Mottling in
the surface was restricted to root channels, but became prominent and abundant
in the Bg and Cg horizons. Eh readings were pegative 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 txue,

In Catchment 2 site drainage on the hill top was poor, but lack
of mottling and reducing conditions in the Halstow series indicated that
profiié &féinége was m&defate; éﬁ-readings were rélatiﬁely 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 serles mottles
were restricted to root channels and Eh readings were negative, Profile
drainage improvgd 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. pll 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>iocks in Devon, probably
because it had not been limed for several years,

(b) Mechanical Composition and Organic Matter Content

The llalstow and Duns ford topsoils contained larger proportions
of coarse and fine sand than the Reedy Complex, but similar proportions Qf
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),



TABLE 15:

goil Profile Data from Catchments

1 and 2, Upper

Carboni ferous Shales North of Dartmoor

Shale R

Depth (cps) Mottles Colour Ehlmv) ptt Total Metal Content (ppm) EDTA~Extractable Loss on
and . Metal Content (ppm)  Ignition
Horizon (1) Co Cu Fe(t) Mn  Co Cu n (%)
CATCHMENT 1. (a) Poorly-Drained Hill Top {(Tedburn Series). Slope o?
0-5 -‘ - 7.5YR&/4 - ~110 6.1 20.0 40.0 4.8 Lu5 3.7* 12.0 230 10.§
v (19) (30) - (51)
5-10 $ 7.5YR4/L -110 6.1 23.0 40.4 4.8 us2 1.7 9.4 235 9.4
(7) (23) (52)
10-15 E s 7.SYRu/4 -110 6.1 22.0 u2.8 5.0 $20 4.0 10.6 270 9.5
' s) (25) (52)
15-20 $ 7.5YRUM/4 -110 6.1 25.6 42.8 4.6 ien 2.8 10.0 170 9.2
: (1) (23) (92)
20-30 7 10¥YR4/1 -140 5.9 23.0 u2.8 5.3 268 3.4 10.6 130 8.7
— . (15) (25) (43)
30-40 —l 60 2.5Y6/2 +130 5.8 18.0 41.2 5.7 120 2.8 . 3.0 25 2.0
Bg B (16} (7 (21) :
60-70 _J 40 10YRE/8B +140 5.2 20.0 42.% 5.8 116 1.7 3.0 10 4.5
(9) (&3] (9)
80-90 ‘Cz 40 10YRE/8 +140 §.2 20.0 " 51.0 7.5 213 1.5 2.8 13 3.4
. 8 (5) (6)
Shale R - - - - 20.8 0.0 9.4 264 - - - -
(b) Poorly Drained Hill Slope (Tedburn Series). Slope 3°
- 0=10 5 10YRS5/2 ~10 5.2 36.0 ug. 8 6.1 264 2.2 19.2 150 12.1
. (8) (39) (57)
10-20 E 5 10YRS/2 -10 5.2 35.0 48.0 6.2 316 4.0 17.2 14S 15.1
s (11) (36) (46)
20-30 10 7.5YRS/6 +90 5.7 35.0 %6.0 5.9 368 3.4 12.6 145 11.0
(10) 27y (39)
30-60 -l 70 F.5YR7/1 +140 5.9 30.0 22.8 6.8 17¢ 2.8 3.4 1002 5,0
Bg . (¢H (15) (50)
60-80 __l 70 7.5YR7/1 +140 5.9 31.0 $8.8 8.0 436 5.6 3.4 300 8.2
. . (18) (6)  (69)
80~-90 j 10 7.5YR6/0 +160 $.5 22.0 3u.u 5.5 496 4.5 2.4 37s 4.3
g . (20) N (76)
90-120 __I 10 7.5YRG/B +100 6.3 22.4 50.8 §.5 988 4.5 3.4 290 4.3
. (200 71y 29
Shale R - - - - 28.7 .52-5 7.8 387 - - - -
Depth{ems) Mottles Colour Ehimv) pH Total Metal Content EDTA-Extractable Loss on  VMechanical Analysis(%)
and (ppm) Metal C:atent {ppm)ignition Fine Crarse Silt <{lay
Horizon (%) Co Cu_Fe{3) Ma Co Cu Mn [49) Sand _ Sarg
CATCHMENT 2. (a) Poorly Drained Hill ’i‘ép (Halstow Series). Slope o
o-5 2 10YRu4/3 +90 6.1 28.0 16.4 3.6 97¢ 4.5 10.2 382 10.6 18.7 11.2 u45.8 22.0
(18) (62) (39) ot
5-10 2 10YRL/3 +30 6.1 20.0 3%.B 3.4 BYS 3.0 10.0 u29 11.% N.D. N.D. N.D. N.D.
) . (s} (29 (sD)
10-15 2 10YRu/3 +90 6.1 20.0 29.6 3.5 ©36 3.2 10.5 331 11.7 N.D, N.D. N.D., N.D.
E : (16) (35)  (61)
15-20 2 10YRL/3 +2u0 6.9 18.0 30.0 4.0 604 2.8 9.8 385 10.6 N.D. N.D. N.D. H.D.
. . : (15) (33) (6u)
20-25 2 }_OYRMIB +2u0 6.9 20.0 30.8 4.0 u&EM 2.8 8.4 207 10.5 N.D. N.D. N.D. N.D.
(1) (27) (us)
25-30 F4 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) (28) (53)
30-115_1 0 2.5Y6/4% +40 7.4 20.0 27.2 3.7 68 2.9 7.5 49 5.7 N.D. N.D. N.D. N.D.
Bg (15) (280 (1)
HS—SO__] [s] 2.5Y6/4 +u40 7.4 17.6 27.2 3.7 32 1.7 6.1 17 5.3 N.D, H.D. N.D. MN.D.
. (10) (22) (53)
50-70 Cg 20 10YR6 /1 +210 6.7 13.0 43.2 4.2 -] 1.9 5.3 2 3.6 N.D. N.D. N.D. HN.D.
: o ) . (1s) (12)  (25)
Shale R - - - - 8.4 25.2 1.6 88 - - - - - - -
. (b) Imperfectly Drained Hill Siope (Halstow Series). Slope 7%
0-10 [+ 10YR4/u +130 5.7 28.0 3l.6 &.L 968 ilg) %23")! Z;O) 11.1 19.4% 9.2 42.4 27.¢
v iy 4
10-20 E 0 10YRu/Y4 +130 $.7 27.2 32.8 3.5 832 7.:) 9.4 70 8.5 N.D. N.D. N.D. MN.D.
25-~30 0 7.5YRS/4 +160 6.1 25.6 28.8 3.9 312 éza (%9; 538) 6.8 N.D. N.D. N.D. N.D.
. €27) (30 7D
30-35-] 7 2.5Y6/% +170 6.7 21.6 36.0 4,3 108 S$.3 7.9 8% 4.2 N.D. N.D. N.D. HN.D.
Bg . (25) (22) (79} .
kS-SO_J 7 2.5¥6/% +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.
(2u) (20) (8l1) :
. 5770 Cg 30 10YRS/8 +170 6.7 16.8 32.0 2.7 28 3.1 Bl 17 2.5 N.D. N.D. N.D. N.D.
(18) (20} (61)
Shale R - - - - 13.2 26.4 WH.6 172 - - - - - - -
{¢) Poorly Drained Valley Bottom (Reedy Complex). Slope 1*
0-10 _] 5 10Y25/2 -BO 6.1 20.0 21.2 4.0 5S40 8.2 10.2 264 15,7 14.2  L.B 4.2 35.6
’ E (u1) (uB) (u9)
10-15_] S 10YRS/2 ~80 6.1 21.0 20.% M.l 472 3.7 10.2 180 9.7 N.D. N.D. K.D. N.D.
. (18) (50} (32)
25-30 Bg 5 10YR6/1 -390 5.8 20.0 1l0.% 4.2 272 §.2 . 6.3 87 7.5 N.D, N.D. NK.D. N.D.
. (21) (el) {32)
ll5-70—‘ 80 10YR7/1 +180 6.0 18.0 33.8 6.9 192 2.7 7.3 75 6.4 N.D. N.D. N.D. HN.D.
cg (15) (18)  (39)
70-90J 60 10YR7/1 +130 §.2 13.0 %O.4 6.4 112 1.6 6.1 52 5.3 H.D. N.D, HN.D. N.D.
B (12) (1%) (u6)
- -~ - - 17.2 1%.0 1.7 280 - - - - - - -

g

‘X‘(.-) Extractable metal content as a proportion of total metal content (%), Rey.p. Hot Determined
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TABLE 16: Soil Profile Data from Catchment 4, Upper Carboniferous Shales North of Dartmeoor

Depth(cms) Mottles Colour Eh(mv) pH Total Metal Content (ppm) EDTA-Extrectable Loss on Mechanical Anelysis (%)
&nd Eorizon (%) ‘ : Metal Content (ppm) Ignition Fine Ccarse Silt Clay
Co Cu Fe(%) Mn Co Cu Mn (%) Sand Sand

(a) TFreely Drained Hill Slope (Dunsford Series). Slope 15%

C-5 A 0 7.5YRL/2 +220 5.1 18.0 32.8' L.3 1156 9;8 4.8 498 S.1 10,2 18.3 33.6 27.C

(563 (s (u3) |
5-10 A 0 7.5YR4/2 +220 5.1 18.0 30.8 4,0 1128 5.1 b4 390 4,7 N.fﬁeN.D. N.D. N.D.
‘ (28) (14) (35)
20-15 A O- = 7.5YRW/2 +220 5.1 ~ 18.0 31.2' 4.2 1284 4,5 - 3.6 348 7.2 N.D. N.D. N.D. N.D.
_ (25)  (12) (27
i5-20 A 0 7.5YR4/2 ¥220 5.1 20.0 30.8 4.4 1028 4.0 3.4 3385 4.4 N.D. N.D. N.D. N.D.
(200  (11) (38
20~-30 B 0 5YR5/6 +230 4.8 22.0  26.0 k.1 568 2.3 2.0 100 4.2 N.D. N.D. N.D. N.D.
‘ , . (10 (8 (18) -
LO-t0 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)
80-9C C o 10YRE/4 +250 4.7 23.0  4O.4 5.1 476 2.8 3.2 53 2.9 N.D. N.D. N.D. N.D.
' (12) (%) (AL :
ohale R - -~ - - 7.2 28,2 5.0 388 - - - - - - - -
() Extractable metal content as a proportion of total metal content (%). ®%N.D. Not Determined

TL



TABLE 17: A Summary of Data for Tdﬁéoils, Sibsoils 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) Tgnition pH Eh(mv)
Co Cu Fe(%) Mn Co Cu Mn (%)
-*(a) TIopscils . ] _
Halstow Series (8)* 23 15.2-28.0 16.4-35.2 3.0-&.u4 16C-1684 0.7-7.5 4.0-10.5 85-750 4.7-12.2  5.4-6.9 +90+c+240
. . . 24,5 28.2 3.7 701 4.2 7.5 341 8.7 . 6.0 +150
(17)%s (27) (19) .
Tedurm Series (U) 14 20.0-36.0 3u4.8-u48.0 3.9-9.5 184-520 1.7-6.0 3.2-19.2 75-322 bL.4-29.1 5.2-6.1 -180tc+120
. 27.5 41.5 5.5 360 3.5 12.4 191 <12.1 5.8 ~60
(13) (30) (53)
Peedy Conplex (1) 2 20,0-21.0 20.%-21.2 L.0-u.l1 472-560 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) (ug) (1)
Punsford Series (1) 4 18.0-20.0 30.8-32.8 u4,0-4,4 1028-1264 4,0-9.8 3.4-4.8 34B8-498 4.4-3.1 5.1 +220
. 18.5 31.4 4.2 1148 5.9 4.1 408 6.4
(32) {13 (36)
All Taopooils (12) 43 15.2-36.0 16.4=48.0 3.0-9.6 160-168Y4 ;0.7—9.8 3.4-19,2 75-750 4,4-29.1 5,1-6.9 -180to+2L0
22.8 30.5 4.y 679 © 1 bl 8.6 287 10.0 5.8 +60
(2D (28) (52)
(b} Swsoils : .
Halstow Series (6) 19 *  13.0-30.4 10.0-51.2 2.7-5.9 8-Luu 1.7-5.3 3.1-7.8% 2-186 2.5-17.6 6.1-7.4 +40104250
21.5 33.1 4,5 ] . 3.5 5.4 62 5.8 6.3 +150
L (18) (15) (63)
Tedburn Series (4) 11 ' 18.0-42.0 22.8-58.8 3.4-8.0  116-388 1.5-5.6  2.4-11.6  10-375  2.0-8.2  5.2-6.3  -230tc+l70
25.6 41.3 5.9 340 3.2 S.4 132 5.0 5.3 +70
i a3 (13) (39)
" Pesdy 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  ~30tcs18D
17.0 29.9 5.8 192 2.8 - 6.5 ’ 71 6.4 6.0 +70
(15) . (22 (37) )
urzford-Series (1) 4 22.0--24,0  26.0-40.4% 4.1-5.1 476-872 2.3-3.u4 2.0-3.4 53-175 2.9-4.8 4.7-u4.8 +230te+250
22.8 30.4 4.7 677 3.0 2.9 118 4.1 4.8 +240
(13) (10) (17)
~11 Subsoils (12) 37 13.0-42,0 10.0-58.8 2.7-8.0 8-a88 1.5-5.6 2.0-11.8 2-375 2.0-17.8 b.7-7.4 =-230to+250
. 21.7 33.7 5.2 327 3.1 5.1 ° g6 5.3 5.7 +13C
(14) (15) (29)
(z) Rzcrs 12 8.4~58.0 14-16 1.6-9.4 88=-21LYy .
21.1 27.8 b1 uso ~ _ _ - _ _
(d) Stream Sediment 4y 15-30 31-36 5.5~8.9 850~3500 5.1-11.6 2.8-15.2 300-1995 2.3-6.1 6.1-6.3 +60t0o+180
22.5 33.1 7.7 2050 8.5 8.9 1037 4,3 6.2 +120
(38) (&) (51)

#( ) Number of profile pits .
#%( ) Exractable 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, Organié matter contents were slightly lower in the Dunsford

profile than in other series,

(¢)  Total Soil Metal Content

| In the Tedburn profile én 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 horizdn, 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 thdn
-'iﬁ theABg and Cg horizons which éhb&ad de?letion inurélatioh td‘thé 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 cms. 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 cms. 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 faidy 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 con%tant, 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 decrecase in organic matter content,
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In the Halstow 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 cms. Co coﬁcentrations decreased from
20 to 13 p,p.m, at the base of the profile; TFe 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 tﬁe Cg horizon., The iow Cu content of the Bg horizon was not
associated with any particular variation in soll features, Manganese concen-
trations decrgased from 540 p.p.m. at the surface to 112 p,p.m., at thevbase
of fhe 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 comstant,
but concentrations of Mn were higher in the A horizon Ehan in the subsoil,
Concentrations of Cu were similar, Mn contents were higher and Fe éontents
slightly lower than concentrations in the underlying shale,

(d) Extractable Soil Metal Content

In the Tedburn profile on the hill top extféctable Co contents
were fairly similar but considerably less Cu and Mn were egtfacted from the Bg
and Cg horizons than from the E horizon, associated with a decrease in organic
matiter 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 O to 60 cms., 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.



EDTA~extractable Co and Mn contents of the 0 to 10 cms, 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—extractéble 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 profilé, 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 Reédy Complex topsoil was siigﬁtly depleted in Cﬁ in rélatién to the meanrl
rock content, and the Tedburn séries showed Cu enrichment, but otherwise Cu
concentrations were similar in rocks and soils. With the exception of theA
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 Ma
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 éediment 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 (llorsmail, 1968), but Mn contents were slightly lower, The mean Cu

content of rocks was similar to that found iv pravious studies, but concen-
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trations of Co, Mn and Fe were higher. The wide ranges of Co, Mn and Te
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 streaﬁ‘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 arec shown in Tables 18 and 19 respectively, = Data for all catchments
are summarised in Table 20.

(a) A Comparison of Extractants

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

neutral NH,Ac, DProportions of total Co, Cu and Mn extracted by EDTA from the

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

3 were similar, TLarger 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 fractionm.

In Catchment 2 proportions of total Co extracted from all series were
similar, but a larger proportion of total Cﬁ was extracted by EDTA from the
Reedy Complex than from the other soils, possibly due to tﬁe 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,
Ac removed considerably larger proportions of total Mn

A

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

Acid and neutral NH

to the higher clay content of the former,



TABLE 18: Extractable Cobalt, Copper and Manganese in Topsoils (0-15 ams) and Stream Sediment in Catchment 2,

Upper Cerboniferous Shales North of Dartmoor (Ranges and Means)

Origin of CORALT (ppm) COPPER (ppm) MANGANESE (ppm)
Sarples Total Acid NHAc EDTA- Total Neutral NH Ac Acid NH Ac EDTA~ Total Neutral NH Ac Acid NH Ac EDTA-
Extractable Extractable Extractable Extractable Extractable Extractable Extractaeble Extractable
Halstow 15-25 0.3-0.6 2.0-6.2 14-32 0.0-1.6 0.4-1.0 5.2-14,2 u402-1300 31-116 70-200 230-520
Series 19.4 0.5 3.3 23 1.0 0.7 . 9.0 772 55 106 336
g (3)%% (17 () (3) (39) (7 (14) 47)
2 8 8 B 8 8
Dunsford 10-20 0.3-0.7 2.8-7.0 21~u43 0.0-1.4 0.4-1.3 5.2-12.8 505-1600- 25-12u4 108-171 324-920
Series 16.5 0.5 4.1 28.7 0.9 0.9 9.6 1013 ay - 9% 8670
10 (2 (25) (3) (3) (33) (9) - (10) (60)
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 g7 87-350
Complex (1) 3.3 22 (2) (5) 7.9 325 (21) (30) 13y
4 1 (22 1 1 (53) ' 1 1 (57)
Seresn Z25 0.3 9.0 31 0.4 2.0 2.8 850 69 124 300
Sediment (D (36) (1L (8) (9) (8) (15) (35

ote
w

Number of Samples
#%( ) Extractable metal content

as a proportion of total metal content (%)

LL



TABLE 19: Extractable Cobalt, Copper and Manganese in Topsoils (0-15 ams) 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 NH Ac EDTA-~ Total Neutral NH,Ac Acid NH,Ac  EDTA- Total Neutral NH, Ac Acid NH Ac EDTA-
Extractable Extractable Extracteble Extractable Extractable Extractable Extractable Extractable
Halstow 5 0.4 4.9 26 0.7 O..8 g.0 780 28 92 510
Series (8)#s (98) (3) (3 (35) (W (12) (65)
i
Dunsford 1C-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 £3-228 226-874
Series 1.4 0.6 6.5 - 28.3 o.u4 - 0.9 7.6 1113 70 123 468
7 (5 (57) (22 (3 (29) (8 - (1) (42
3 .
Strezm 15 0.5 5.1 4.4 1.3 4.1 4.7 18u8 55 ‘168 750
Sediment (3) (3W) (%) (11> (43) ‘ (3 (9) (41)

ofa
-

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

8L



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

atchment Sample COBALT (ppm) COPPER (ppm) MANGANESE (ppm)
Total Acid NH Ac EDTA- Total Neutral NHuAc Acid NH, Ac EDTA- Total Neutral NHch Acid NH,Ac EDTA-
Extractable Extractable Extractable Extractable Extractable Extractable Extractable Extractabl-
Topsoil 13-30 N.D.#% 1.2-3.6 22-74 N.D. N.D. 9.0-20.6 200-1000 N.D. N.D. 124-440
2§ = 17.7 3.7 39.9 . 13.% 569 256
1 (21) (35) (45)
Sediment 30 N.D. : 11.6 31 N.D. N.D. 15.2 3500 N.D, , N.D. 1986
(39) (43) (57)
Topsoil 10-25  0.2-0.7 2.0-7.0 14-43 0.0-1.6 ‘ 0.4~1.3 5.2-14.2 100-16800  25-1i2h 70-200 87-920
[24 17.5 0.4 3.7 25.5 0.9 | 0.7 9.6 766 76 128 438
2 (1) (30) (2) (5) (29) (7 (o (40)
5
Sediment 25 0.3 9.0 31 O.u4 2.0 2.8 850 89 12y 300
(1) (36) (1) (8) (9) (8) C (15 (38)
Topsoil 15-25 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
Eﬂ 17.5 0.1 5.2 23.4 0.5 1.2 6.9 1588 106 157 643
3 (1 (30) (2) (5 (29) (7 (10) (40)
E .
Sediment 20 0.9 8.2 36 0.4 1.0 7.8 2000 162 219 1107
(5) (41) (1) (2) (8) (8) (11) (55)
Topsoil  5-20 0.4-0.7 3.6-14.4 24<-28 0.0-0.7 0.4-1.6 5.2-10.2 7C0~-1528 28-175 68-228 226-874
8 10.6 0.8 6.3 25.3 0.5 0.8 7.8 1072 65 119 473
4 ) (6) (59) (2) , (3) (30) - (6) (11) (4
Sediment 15 - 0.5 5.1 34 L 1.3 TN 4.7 1848 55 " 168 750
(3) (3w (L) (11) (43) (3) (9 (41)
Topsoil  5-30 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 $8-280 87-920
all 5] 15.8 0.4 4.7 28.8 0.6 0.9 9.4 999 82 135 453
Catch- (2) (30) (2) (3) (33) (18) (13) (45)
ments 40 : 10 1o 40 - ' 40
Sediment 15-30 0.3-0.9 5.1-11.6 31-36 0.u4-1.3 1.0-4.1 2.8-15.2 8&0-3500 55-152 124-219 300-1596
Eﬂ 22.5 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 cf samples C Rk () Extrectable metal content as a proporticn of total metal content (%) ~
%®43.D.  Not Determined » : : ‘ bt
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Tn Catchment 4 more Co was extracted by acid Ni,Ac and EDTA from the

A
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 resgents, indicating greater mobility

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

(b) Relationships Detween Extractable amd 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 combiﬁed data for all catchments concentrations of Cu in herbage in
September were correlated with EDTA-extractable Cu (r = 0.282, p <.0.05).

(c)‘ 50il - Stream Sediment Relationships

In Catchment 2 acid NH4Ac removed similar amounts of Co from top-
~soils and stream sediment, Acid and neutral NH4AC extractable Mn contents of
soils and sediment were also similar, Neutral NH4AC removed similar amounts

A

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

of Cu from the Recdy topsoil and the sediment. Acid NH,Ac extracted more Cu

Cu. EDTA-extractable Co contents of topsoils as a proportion of total Go..
content were slightly lower than that of the sediment, suggesting ?he oceurrence
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 Ffor 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
clastic 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 sediwment were higher than mean proportions extracted from topsoils,

‘confirming that mobilisation and leaching of these clements had occurred in



81

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 Rccks, 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) Fh, oH 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 dépth in the profile,

On the slope the Dunsford.profile was imperfectly drained with mottling
and negative Eh readings at the sur face. pll was high (possibly as a résult of
recent liming) and constant with depth in the profile.

The Reedy profile was poorly drained with mottling to a depih 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 mattef 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 thgn 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,



TABLE 21: Soil Profile Data from the Eastcott Catchment Lower Carboniferous Rocks
West of Dartmoor g

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
o
(a) Freely Drained Hill Top (Dunsford Series). Slope 1
0-5 Q 7.5YRy/4 4200 6.3 6.0 27.2 4,2 448 3.0 5.0 194 +15.0 6.5 12.6 42.0 23.0
- (sof (18) (v 0k
5-10 Q 7.5YRu/4 4200 6.3 8.0 27.6 4.8 352 1.1 5.0 165 14.6 N.D. N.D. N.D. N.D.
A (18) (18 (87)
10-15 0 7.5YRy/y 4200 6.3 8.4 30.8 4.3 200 1.7 5.0 140 13.7 N.D. N.D. N.D. N.D.
(20) (18) (7Q0)
15-20 Q 7.5YR4/4  +20Q 6.3 5.0 28.0 4.B 2Bk 1.1 5.0 90 12.5 N.D. N.D. N.D. N.D.
(22) (18) (32)
20-30 B Q 7.5YR5/4 4260 6.6 4.8 33.2 4.6 .1uB 1.7 u.b 35 8.3 N.D. N.D. N.D. N.D.
. (25) (13) (24)
30-40 C Q 7.5YRS/4  +260 6.0 5.0 20.4 2.8 14y Q.8 3.8 28 6.5 'N.D. N.D. N.D. N.D.
. (16) (18) {19)
Shale R - - - - Q.O 38.8 3.6 1luu - - - - - - - -
(b) Imperfectly Drained Hill Slope (Dunsford Series). Slope 2°
Q-5 _] 2~ 7.5¥YR4/2 =170 g.0 16.0 69.2 4.2 1196 4.5 27.0 1092 20.4 9.0 15.8 38.0 17.8
. (28) (39) (31)
5-10 A 2 7.5YR4/2 =170 8.0 22.4 76,0 4,2 1328 3.% 25.Q 910 15.7 N.D. N.D. N.D. N.D.
(15) (33 (69)
10-15 2 7.5¥YR4/2 =170 8.0 19.0 73.2 4.y 1lul2 2.9 20.3 ' 950 10.2 N.D. N.D. N.D. N.D.
: (15) (28)  (87)
15-20 —1 Q 7.5YR5/4 4230 8.4 19.0 68.4 5.2 972 2.8 20.3 830 8.9 N.D. N.D. N.D. N.D.
B ’ (15) (29) (85) .
43-50 _J 0 7.5YR4/6 4240 8.2 19.2°'117.6 5.4 180 2.6 25.0 72 7.2 N.D. N.D. N.D. N.D.
: o () (21 (:Q) : '
50-70 C 0 7.5YR4/6 4230 8.2 18.0 47.2 4.,y 204 1.3 9.6 €6 4.1 N.D. N.D N.D. N.D
. (7 (20) (32)
. Shale R - - - - 1.0 u46.1 wu.2 212 - - - - - -

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

Q-5 T 2 10YR4/3 +210 5.3 55.2 132.0 4,7 840 1l1.2 69.6 656 20.3 13.5 20.6 39.¢8 23.0
E (20) (53) (78)

§5~12 _J 2 10YR4/3 =60 5.3 658.0 143.2 8,6 1132 1Q0.8 68.6 710 19.0Q N.D. N.D. N.D. N.D.
. : (19)  (yB) (53)

12-22 —1 15 10YRU4/2 +50 5.0 61,0 136.8B 5.5 836 9.5 67.1 452 18.3 N.D. N.D. N.D. N.D.
Bg (16) (u9) (54)

'22-32 J 5 10YRu4/1 4120 4,6 39.0 113.56 2.7 uuQ 7.6 52.3 312 16.6 N.D. N.D. N.D. N.D.
. (19) (us) (71)

32-50 [o4 Q - +20 §.3 31.2 74.8 3.4 188 4.7 32.5 95 4.6 N.D. N.D. N.D. N.D.
(gravel) (15) (u3) (51)

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

.

[AY



TABLE 22: A Summary.of Data forTOpsoiléL,Subsoils and Rocks from Profile Pits and

Stream Sediment on Lower Carboniferous Rocks West of Dartmoor,

. EDTA-Extractable Metal Toss on
Group of Sanples :gmp t;gs Total Metal Content (ppm) Content (ppm) Ignition "PH Enlmv)
Co Cu Fe(%) Mn Co Cu Hn W
* (a) Topscils
Freely Lrained Dunsford _ 8 5.0-13.0 27.2-48,0 K.0-u.8 200-940 1.1-3.0 5.0-13.6 90~79y 9.3-15.0 5.4-6.3 +200t0+250
. Ceries (2)% 11.8 37.5 4,4 ‘998 1.1 8.4 329 1.4 5.9 +2230
. (9)*# (22) (33)
Poorly Drained Dunsford 3 16,0-22.4 63.2-76,0 L4,2-4.4  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 sy 15.4
(39) (33) (75)
Tedburn Series (1) 4 45,0-51,0 81.7-107.2 5.3-£.8 1388-1119 5.3~6.8 u3.0-51.4 107-710 18.9-36.3 6.2-5.9 +200t0+270
47.0 95.4 6,2 733 6.1 6.5 L68 4.9 6.6 +240
(13 (u9) (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 =E0to+ 21
5.3, 112-5 4.8 626 8.7 52.5 435 16.2 5.5 +20
. (19) (47) (69)
A1 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
0.8 79.6 4.9 917 4.9 32.9 554 17.2 6.5 +100
(16) (u1) (60) )
(b) Subscils
Freely Drained Dunsford 3 4.8~18.0 20.4-38.8 2.B-4.4 1uy-276 0.4~2.0 1.7-6.5 12-157 2.6-7.5 6.0-6.6 +2€0tc4300
Series (2) 9.3 31.2 3.6 - 188 1.1 3.9 66 5.5 6.2 +270
. (12) (13) (35)
Pccrly Drained Dunsford 3 18.0-13.2 47.2-117.6 4.u-5,4  180-972 1.3-2.8  9.6-25.0  B6-830  4.1-8.9  8.2-8.4  +230to+240
Series (1) 18.7 77.7 5.0 452 2.2 18.2 323 . 6.7 8.3 +230
(12) (23) (71)
Tedburn Series (1) 3 16.8~-356.0 56.0-84.0 2.1-2.5 48-136 0.7-2.7 25.6-37.8 12-u8 7.1-21.5 5.5-5.9 =120to+240
. 24.9 65.6 2.3 8y 1.8 23.8 35 11.9 5.7 +110
7 (45) (42)
Reedy Complex (2) 3 31.2-39.0  74.8-113.6 2.7-5.4 186-3960  4.7-7.6 .27.5~52.3 85-312 4,6-16.6 4.6-5.5 -80tc+120
n.1 94,8 3.8 1529 . 5.7 . 37.4 187 1.4 5.1 +20
Qn (39) (12)
All Subsoils (8) 12 ) 4.8-39.0  20.4-117.6 2.1~5.4 48-3360 0.4=7,.6 1.7-52.3 12.830 2.6-21.5 4.6-8.u4 ~120t0+300
21.8 67.3 3.7 563 2.7 22.3 153 8.9 6,3 +160
. (12) (33) 27)
(c) Rccks 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 s 80 6.6 1120 4,0 34.0 590 3.7 6.9 +30
’ 9 (43) (53)

#( ) HNumber of profile pits
#*#( ) Extractable metal content as a proport

ion of total metal'contem: (£}

€8
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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 oﬁ the slope were higher
than in the Longham Down profile and remained fairly coﬁstant 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 énd
50 cms. not associated with any particular soil featufes, and were higher
than tﬁe 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 aliuv1al Reedy proflle Co and Cu contents were much higher than
in the soils upslope. Cobalt concentrations decreased sharply below 22 cms,
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 O 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 fhe
change in parent material around mid;slope. Iron contents of rocks were
fairly similar, but Mn concentrations werc 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 sunmarised in Table 22,  Concentrations of Co, Cu,
Mn and Fe in topsoils were higher than mean rock contenfs, %hereas Co, Cu and
Fé 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 énd rocks, but Cu contents were similar in the thrce 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, Proportious of total Co, Cu and Mn

extracted from the stream sediment were similar to propoftions extracted from

soils.
B,  Partial Extraction of Topsoils

Results of extractipns 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 NH,Ac ::> neutral N, Ac, The largest proportion of total Co

4 4
extracted by acid NH4Ac came from the Reedy Complex; that extracted by EDTA
came from the freely drained Dunsford series. The relatively low acid

NH4Ac-extractab1e Co contents of the Dunsford and Tedburn topsoils, compared
to catchments on Upper Carboniferous shales, may be related to the low Co
concentrations founa in herbage.

Generally larger proportions of the total Cu and Mg 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 Co, 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 NH4Ac—extractable soil Cu contents

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



TABLE 23:

Extractable Cobalt, Copper and Manganese in Topsoils (0-15 cms) and Stream Sediment in the Fastcott

Catchment, Lower Carbonifercus Rocks West of Dartioor {(Ranges and Means)

COPPER (ppm)

Crigin of - COBRALT (ppm) MANGANESE (ppm)
Samples Total Acid NH Ac EDTA- Total Neutral NH, Ac Acid NH Ac EDTA- Total Neutral NH Ac Acid NH, Ac EDTA~
Extractable Extractable Extractable Extractable Extractable Extractable Extractable Extractable

Treely 2.5-8.0 0.0-0.4 1.6-2.9 20~-46 0.0-2.2 , 0.4-1.3 .5 5-11.6 3e0-1000 11-6% Lo-142 132-604
Traired - 5.2 0.1 1.8 31.7 0.6 1.0 8.2 601 27 68 313
Tunsford (2)%= (37) . 2) " (3) . (28) (W) (1L (52)
Series 5

lC] %

Focrly 12.1-35.6 0.0~-0.4 2.9-6.2 LL-74 0.u4-0.7 1.0-2.0 14,2-22.0 8C0-~-1080 L41-59 105-121 4 36-880
Drained 20.1 0.2 4.5 56 0.6 1.5 17.6 948 50 ) 114 yart
Duns ford (L) - (22) (1) (3) o, (31 (5) © A2 (75)
Series 3

5 A

Taedburm L5.0-50.6 0.0-0.1 4.9-6.2 -72-120 O.4-1.6 2.4-5.2 27.2-31.0 1304-1515 L45-52 118-146 7C0-12:0

Series ug.3 0.1 5.6 gL 1.0 3.7 28.9 1471 48 131 1004
{u] (0) (12) (1) : u) {(3L) (3) (9> (68)
2

Ready 50.2 2.1 9.0 112 0.0 11.2 76.0 1040 63 380 - 972
Complex (W) (18) (10) (68) (8) (37 (93

£

Stream 45 - 0.5 : 4.0 : 80 0.0 ' 5.6 34.0 1120 1 212 590
Secdiment (1 (9) N ‘ (43) (o)) (19 (53)

#[ ] Number of samples
Wi )

Extractable metal content as a proportion of total metal content (%)

98
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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,

(e) Soil - Stream Sediment Relationship

Amounts of Co and Cu extracted from the stream sediment by acid
NH4Ac.and EDTA Were similar to mean extractable Co and Cu contents of toésoils.
There was no relationship between extractable Mn contents of soils and the
sediment,

(iv) Devonian Sandstones in North Devon

A, Results of Detailed Profile Invéétigétions

Data from selected pits in Catchments 1, 3 and 4 are shown in
Table 24, and from all eighﬁ pits are summarised in Table 25.

(a) Eh, pH and Soil Profile Mérphology

-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. 1In the poorly drained
Chapman series Eh readings were negative to 70 cms, depth. pH was slightly
higher at the surface than below. The E horizon was slighfly 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 rgadings at the surface, but pfofile
drainage was moderate below 8 cms, and Eh readings were positive, pl was low .

- and increased slightly with depth in the profile.



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

Depth(cms) Mottles Coloyr Eh(mv) pH Total Metal Content EDTA-Extractable 'Loss on Machanical Aralysis(%)
. and . (ppm) Metal Content {(ppm) Ignition Fine Coarse Silt Clay
Horizon (%) : Co Cu Fe($) ¥n Co  Cu HMn %)) Sand _ Sand

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

9u. 7 N.ﬁ*‘ N.D. N.D. N.D.

o-u L 0 10YR2/2 +150 3.9 5.6 14.8 0.6 80 2.5 1.4 6
. : as¥ (3)  (8) .
4~15 F/H 0 SYR2/1 +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 ?.0) %.u) 0 18.9 N.D. N.D. N.D. N.D.
S0 Ly
21-29 Ea 0. SYR3/1 +230 4.1 6.0 2.4 0.7 8 1.5 1.0 2 5.3 28.8 25.3 24.0 17.0
‘ . (25) (u2) (25) -
29-39 BP 0 5YR2/2 +280 4,2 7.0 2.8 6.2 100 1.2 1.1 u0 7.3
€ (17)  (39)  (u0) 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 -
' C (7 (18) 7
Sandstone R - - - o= 22.8 10.6 4.2 475 - - - - - - - -
(b) Freely Drained Hill Slope (Blackmoor Gate Series). Slope 5°
0-10.-] 0 7.5YR4/2 4180 5.4 1z.4 4.8 2.5 500 2.2 7.0 158 17.0 21.0 13.2 37.4 23.0
. A - (18) (u7) (92)
10-20_] 0 7.5YR4/2 +180 5.4 B.O_. 11.6 2.5 568 4.5 9.0 485 11.3 N.D. N.D. N.D. N.D.
: (s6) (78) (85)
20-35 B 0 7.5YR4/2 4200 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 4230 5.9 13.6 1.8 2.9 220 3.7 6.1 185 3.3 N.D. N.D. N.D. N.D.
(27) (L) (84) -
Sandstone R - - - - 244 8.0 3.1 u80 - - - - - - - -
. (¢) Poorly Drained Valley Bottom (Chapman Series). Slope by
0-10 _] 5 10YR4/3 =20 5.9 8.8 22.8 2.0 92 5.2 15.0 86 21.4 13.2_ 20.8 37.0 2u4.6
- E - (59) (66) (91)
10-20_] 7 10YR4/3 -u40 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) .
BO-NO_I 0 10YRL/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)° (us) (63) .
HO-SO_] 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.
' . ] . (33) - (32)  (u0)
70-90 Cg 0 10YRS/2 +40 §.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):r Slope 1 )
0-10 _I 0 7.5YRS/4  +70 6.4 11.8 27.2 3.2 1312 3.7 7.6 870 8.;]
A : (31) (28)  (66) 17.6  24.1 26.7 19.5
10-20_J o . 7.5YRE/4 470 6.4 13.2 28.0 3.u 1452 7.9 9.8 1230 4.9
) (60) (35) (8s)
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) (8y)
Sandstone R - - - - 28.0 15.2 3.8 1764 - - = - - - - -
CATCHMENT 4. Moderately Drained Hill Top (Ilkerton Series). Slope 0° .
0=y 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) (717} (83) : :
4-8 A 0 SYR2/1 =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 © 7.5YRG/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
‘] i ' (73) (63) (67)
17-18 0 2.5YR4/8 4240 4.0 13.6 2.0 9.6 120 2.8 1.6 60  1l0.¢9
e (21) (80) (50) 19.3 26.8 25.8 19.8
18-36 0 7.5YR5/8 +280 4.1 4,0 6.0 8.1 96 2.3 1.6 85 G.jJ
(58) (27) (89) .
36-66 | 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. N.D.
Cg - (35) (23) (3D
u6-56 J 2 10YRS5/6 +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 1us - - - - - - - -

é& ) Extractable metal content as a proportion of total metal content (3). ?%.D. Not Determined



on Devonian Sandstones in North Devon,

Group of Samples No, of Total Metal Content (ppm) EDTA-Extractable Metal Content Loss on pH Eh(mv)
Samples Co Cu Fe (%) Mn (gpm) . - Ig?iglon
Co u n

(z) Topsoils

Yentishury Series (2)* 7 3.0-6.0 2.0-14.8 - 0.6-0.7 8-340 1.5-3.0 1.0-5.% 0-322 2.9-94%.7 3.8-5.6 =20tc+280
4.9 6.2 0.6 110 2.3 7.0 92 28.3 4.7 +130
. (u7)R%  (32)° (B4)
Ilkerton Series (1) 3 3,0-4,0 1.6-13.2 0,4-0.7 3-u8 2.2-3.7 1.0-10.2 2-40 7.3-70.2 3.6-3.7 =-50%t0+240
3.3 7.7 0.5 20 2.7 6.1 17 37.6 3.7 +50
. (82> (739) (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  L58-485 11.3-17.0 S.4 +180
10.2 13.2 534 3.4 8.0 472 - o 1u.2
(33) (61) (88)
BEcdley Series (1) 2 11.8-18.2 27.2-28.0 3.2-3.4 | 812-1452 3.7-7.9 7.6-9.8 B70-1230 4.9-8.5 6.4 170
12.5 27.6 3.3 ! 1382 5.8 8.7 1050 6.7
: (46) (32) (76)
Chagman 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.% %4,5-5.9 -40tc+330
8.0 19.9 1.8 ' 91 3.9 12.3 87 15.8 5.2 +82
N (19) (62) (96)
. 1
A1) Topscils (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 3.6~5.% =90tc+320
7.8 14.9 1.7 : 427 3.6 7.4 Iy 20.5 5.1 +103
; (u6) (59) (81)
~ (b) Subsoils ‘
‘Kentisbury Series (2) 5 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 +1u0to+28C
: 10.3 7.1 3.4 89 1.6 1.6 18 6.0 y,7 +220
. (16) (23) (20)
Ilxerton Series (1) 4 4,0~30.4 2,0-8.8 0.6-8.1 68-120 1.7-2.8 1l.6-2.4 25-B5 3.1-10.9 4.0-4,2 +2u0tc+220
13.2 6.4 3.8 91 2.3 1.9 49 6.0 4.1 +270
(a7 (30) (54)
Alackmoor Gate Series (1) 2 11.2-13,6 13.2-1L.8 2.8-2.9 220-2B0 3.7~4.1 6.1-8.6 185-207 3.3=7.5 5.5~5.6 +200+0+220
_ 12.4 14.0 2.9 250 2.9 7.4 195 - 5.4 5.7 +220
(31) (53) (78)
Bodley Series (1) 1 14.0 2u.0 3.1 1288 5.6 7.6 1085 ) 4.8 6.6 +50
(u0) (32) - (ew)
: Chapman Series (2) '+ . 6 4.0-7.2  5.2-90.0 0.8-1.7 16-82 0.6=2.5 1.6-32,1 10-70 2.3-50.0 3.8-5.2 -B3tc+250
5.8 35.9 1.3 34 1.8 13.0 24 16.4 4,9 +30
(31 (35) (71)
A11 Subsoils (7) 19 4,0-30.4 2.0-90.0 0.5-3.1 16-1288 0.6-5.6 1.0-32.1 10-1085 2.3-50.0 3.8-8.5 =-30%c+230
. 11.1 17.7 2.9 , 350 3.0 6.3 274 7.7 5.2 +270
£27) (386) (78)
{e) Pncks 8  16.0-29.6 4.8-44.0  2.8-6.4 100-176Y4
24.0 15.5 u0 343 ot = - - - -
(d) Siream Sediments %  10,0-16.5 5.0-54.0 0.8-4.1 #92-33  1.6-1.6 W.1-12.9  79-660  1.6-4,0  4.0-8.1 +70torlso
12.0 ) . . 350 2.7 5.1 +120
20.8 2.5 (30) (33) (53)

*#( ) HNumber of Socil Profiles
##( ) Extractable metal content as a proportion of total metal
centent (%)

68
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(b) Mechanical Composition and Organic Matter Content

In the Kentisbury profile mechanical composition of the Ea horizon

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

Fe -
and Chapman series contained simjlar amounts of sand, silt and clay in the
surface horizon,

In the Bodley profile the sand content of the surface horizon was higﬁer
than that of the Blackmoor Gate, the silt content was lower and clay content
similar., 1In 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 drganic matter content of thé Bodley series was lower than in
corresponding horizons of other series but distribution was similar to the
Blackpqor Gatgf 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 cms. 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 accumuiation in

plant debris, were low in the Ea and B_ horizons and increased to 6 p.p.m, in

Fe
the C horizon. There was a sharp increase in Fe concentration in the iron pan
compared to the upper horizons. There was some Mn accuﬁulation 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 thaun 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 Géte profile Co and Cu concentrations'showed a slight
decrease in the lower part of the A horizon corresponding with a deccrease in

organic matter content.  The Co contents of the soil were lower than that of
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the sandstone, 1Iron 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
concentraﬁion 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 highesﬁ 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. Prcpcrticﬁc
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 cms, 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
conteﬁts.occurred in the Bg horizon, associated with relatively high organic
matter contents.

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

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

in the profile,



In the Ilkerton profile extractable Co contents were fairly constant
with depth and similarto contents in the Kentisbury series, 1In the iron pan and
the basc of the profile extractable Co contents as proportions of total soil Co
content Were'iower than in the rest of the profile. DProportions of total Cu
extracted remained fairly constént to a depth of 18 cms. but decreased sharply

below, Extractable Mn contents were highest in the B, horizon and were very

Fe

low in the A and LEa 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 concentraticns in the
Blackmoor Gate series, but was consiaerably 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, Iikerton 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
reduciné 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 céntents. The overall mean Cu and Mn
contents of sediments were highér than mean concentrations in rocks and soils.

Proportions of total Co, Cu and Mn extracted from topsoils were higher
than proportions extr.. ted ffom subsoils anﬂ the stream sediment, associated

with higher organic :..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 NHAAc extracted more Co and Mn from the Kentis-
bury topsoil than EDTA, but in general LDTA-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 NHAAC 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 <O0.01).

(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 &, where the total Mn content of the sedi-
ment was considerably higher than concentrations in topsoils. 1In gemeral,

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 cms) and Stream Sediment J.n Catchment 1,
i Devonian Sandstones in North Devon (Ranges and Means)

Origin of COBALT( ppm) ' COPPER (ppm) . : MANGANESE (ppm)
Samples "Total Acid NH Ac EDTA- Total Neutral NH Ac Acid NH, Ac EDTA- ' Total Neutral NH Ac Acid NH Ac EDTA-
Extractable Extractable Extractable Extractable Extractable Extractable Extractable Extractable
Kentisbury 5 0.5 0.2 2-Y4 0.0-0.4 . 0.4-0.6 1.6-3.8 12-40 - O-4 4-25 4-20
Series : (10) %= €)) 3.3 0.1 0.5 2.7 21 3 15 9
[3] * - (3) o1 (82) (14) - (71) (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] W) S (41) (3) (6) - (46) (6) t(15) (56)
: 6 : : '
Chapman 2.5-15.0 0.9-2.9 ©17-31 0.4-1.1 1.3-2.4 1 9.0-18.0 216-252 24-76 46-14k 80-180
Series 6.9 0.5 1.6 23.2 0.7 , 1.9 13.9 226 L2 . 84 115
[ul - e () (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 (%) (22) - (13) (47) (7 : (12) (59)

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

e
~r bt

6



TABLE 27: A Sumrary of Extractable Cobalt, Copper and Manganese Contents of Topsoils (0-15 ams) and Stream
Sediments on Devonian Sandstones in North Devon
Catchment Sample CORALT (ppm) COPPER (ppm) “MANGANESE (ppm)

Total Acid NHch EDTA- Total Neutral NH,Ac Acid NH, Ac EDTA~ Total Neutral NHch Acid NH Ac ECTA-
Extractable Extractable Extractable Extractable Extrachblre Extractable Extractable Extractable
Topsoil 2.5- 0.0-0.7 0.2-2.9 2-31  0.0-1.1 0.4-2.4 1.6-18.0 12-820 0-78 4-1kk 4-480
[1g] # 15.0 0.3 2.4 14.8 0.5 1.1 7.8 379 31 71 209
N " 5.8 (5)*s (41) (3) (7 (53) (8 (19) (55)
8 _
Sediment 10 0.4 2.2 12 0.0 1.6 5.6 512 35 61 302
, () (22) : (13) (47> (7) (12) (59)
Topsoil 3.2- N.D.#%%  (0.9-5.8 §-25 N.D. N.D. - 5.,2-11.6 208-1536 N.D. N.D. 144-1000
(19 17.6 4.0 14.5 8.2 789 it
2 10.1 (40) (57) (59)
Sediment 11 N.D. 3.1 54 N.D. N.D. 12.9 492 N.D. N.D. 398
(28) . (24) : : (81)
Topsoil 12.8- N.D. 3.6-7.6  20-27 N.D. N.D. 3.0-12.8 944-1520  N.D. N.D. 934-1006
{4 20.8 5.4 22.8 10.0 1211 370
3 15.7 (31) (44) (80)
Sediment 10.4 N.D 1.8 12 N.D. N.D. 4.1 760 N.D. N.D. 79
(15) (34) ' (10)
Topsoil 1.4-  0.0-1.2 0.2-2.9 4-g 0.4-4.0 0.4-10.0 2.6-5.2  12-272 0-35 5-24 10-34
[€] 5.2 0.5 1.7 6.8 1.0 1.8 4.3 87 9 11 17
L 3.1 (18) (55) (15). (2u) (83) (13) (18) (25)
7
Sediment 16.5 3.8 7.6 5 1.1 0.5 4.6 936 72 138 660
(23) (48) (20) (8) (92) (8) (20) (71)
ATl Topsoil 1.u-  0.0-1.2 0.2-7.5 2-31  0.0-4.0 -0.4-10.0  1.6-18.0 12-1536 0-76 4144 43,3005
(37 20.8 0.4 3.4 14.7 0.8 1.4 7.8 612 20 u1 4
Catch- . 8.7 (5 (39) (B (10 (52) (3) (1) (71
ments Sediment 10.0- 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
[y 16.5 2.1 3.6 20.8 0.6 1.0 6.8 675 54 125 360
12.0 (18) (30 (3) (s (33) (8) (19)- (53)
2 2 2 ' . 2 2

% [ ] Number of Samples

#%:( ) Extractable metal content as a proportion of total metal content (%)

#4%N,D. Not Determined

$6



3. DISCUSSION
The results are discussed in relation to the seologically defined
study areas,

(i) Devonian Slates,Bast of Dartmoox

In one High Week profile located on a hill top, Co, Mn and Fe
showed accunulation 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 fhis 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 organicAmatter 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 thé.Pulsford than from the brown earths, indicating the
greater mobility of these elements in poorly drained soils, and confirming
earlier work (Mitchell, 195%a). The large proportions of total Cu and kn
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 Ruésell (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
possiﬁly'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.



97

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 envirommental rather than geological factors,

i

As a result of poor éoil 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 totaliMn 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 iﬁ 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 1érger 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 subseil, 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
préfiles of the Tedburn and Reedy soils tended to be associated with a decrease
in organic 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,



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 appeéred 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 sedimengs (2050 p.p.m. Mn; 7.7% Fe) were higher
than those found in previous studies (Horsmail, 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 présent‘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,l1968; 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 leéching
of these elements from the catchment soils as suggested by Horsnail (1968), and
associated with enrichment of Co and Mﬁ 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'tﬁerefore it was.not possible to explain low Cu
concentrations in herhage (particularly in June) in terms of low extractable

soil Cu contents.



(iii) Lower Carboniferous Rocks,West of Darimoor

Concentrations of Co and Mn were low in soil and rocks on TLongham
Down, confirming that the freely drained soll was derjived from shales of low
trace element content, In the imperfectly d;ained Dunsford profile on the
slope below Longham Down the total Cu content of the 43 to 50 cms, 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 Edstcott
catchment and it is likelj 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) Devonfan Sandstones in North Devon

Podzolisation in the Tlkerton 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 Ilkerton 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 t6 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 Blaékmoor 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

(L) 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 extracﬁed 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>inf1uencing‘the soil - stream sediment relationship.

(b) Concentrafions of Co, Cu, Fe and Mn in stream sediments on Devonian
sandstones in north Devon do not shoﬁ 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 déﬁletion of Co in all soils in relatiom 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 Carbonifercus 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 Jf 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 Slateé,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 Co and Mn throughout the profile,
and of Fe in the subsoil, in relation to concentrations in the Dartington and
High Week soils and %n the underlying slate,

(d) It was confirméd (using partial extractants) that Co, Cu and Mn are
more mobile in the poorly drained Pulsford tlan 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,

(£) The organic matter content of the Pulsford soil was higher than that

of the brown earths, particularly in the subsoil, |

l B. Soils Derived ffom'Upper Carboni ferous Rocks;North of Dartmoor

(a) Manganese showed enrichment in topsoils of the Halstow, Reedy and Duns-
ford series in relation to subsoils and tle 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,

(e Proportions of total Co, Cu and Mn extracted by EDTA from topsoils, and
associated with higher organic métter 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'Carboniférous Rocks,West of Dartmoor.

(a) The Dunsford series on Longham Down reflected the lower Co, Cu and Mn
concentrations in the parent material combared 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.

(e) 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 NHaAc-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 Kentisburj 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,

(1v) Concentrations of Mn were higher in the topsoil than the subsoil of the
Blackmoor Gate series.

(c) In thé Chapman ;eries total Cu contents were higher in the subsoil

than the topsoil due to accumqlatioﬁ 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 NH,Ac-extractable Cu : Lower Carboniferous rock

'
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Correlation, 4Area Obtained,
2., Concentrations of Cu in herbage in September
with
(a) total soil Cu : ‘ Devonian Slates,
(b) EDTA-extractable Cu: Upper Carboniferous rocks
and Devonian Sandstones,
(c) Acid NH4Ac—extractab1e Cu : Devonian sandstones.
3. Concentrations of Mn in herbage in June with
total soil Mn : Upper Carboniferous rock

These results suggest that in some areas acid NH4Ac 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 favailable' Co and Mn contents of soils.

-



CHAPTER VI, DETAILED FOLLOW-UP WORK IN DENBIGHSHIRE

1.  INTRODUCTION

A number of conclusions were drawvn 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 1f differences between the total soil metal contents were
due to changes in the composition of the underlying rock or to the influence
of environmenéal 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 1eacﬁed 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,
(¢) 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

(1) Results of Detailed Profile Investigations on the Denbigh Upland,

The two sequenceé studied are :-
A, The '"Denbigh Association" of Powys, ﬁenbigh, Sannan and
Cegin soils.‘
B, The Denbigh and Aled series,

A. The Powys¥Deﬁbigh—Sannan-Cégiﬁ SeQﬁénce;

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 Profilé-Mérphology.

The Powys series profile on the hill top in Catchment 1 was shallow and
ekcessively draiﬁ;d. pH shoﬁed aréharp 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
appfoximately 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 prbfile.

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,
aithough 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 surfaée but
negative in the Bg/Cg horizon, and pil was a little lower in the Bg/Cg than in

the £ horizon.



TABLE 28:

Soil Profile Data from Catchment 1 of the Powys-Denblgh Sannan-Cegln 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 A Fine Coarse Silt Clay
_Horizon (%) Co Cu Fe(%) Mn Co . Cu Mn (%) Sand Sand
(a) Excessively Drained Hill Top (Powys Series). Slope 0-1°
0-5 'l 0 10YR3/2 +190 6.2 11.2 22.8 3.4 240" 3'7?@ . 160 29.;1 :
5=15 |7 0 10YR3/2 +190 6.2 11.2 21.2 3.8 208 5°8 628 {89 30.3 2.9 19.7 49.8 22.8
(25) (30) (73
15-25 B 0 10YR5/8 +240 4,2 15.2 24.8 5,9 212 2.8 2.2 50 14,1 N.D:?;;4 N.D. N.D. N.D.
. . oo (1) (9 (23) . )
25«30 C 0 10YR6/3 +2u40 3.9 17.6 238.0 5.2 1648 2,3 2.2 pa 6.9 N.b. N.D. N.D. N.D.
(13) (8) (8)
Shale R - - - - 22,4 36.0 4.8 408 - - - - - - - -
(5) Freely Drained Hill Slope (Denbigh Series). Slope 3°
0-10 1 Y 10YR3/3 +130 §.5 9.6 22.0 3.8 460 3.7 7.0 412 12.;1 .
A (39) (32) (90)° 4.4  17.2 52.0 20.0
10-25 J o] 10YR3/3 +130 5.5 11.6 22,0 3.7 usQ 2.8 S.4 254 ll.lJ
(24) (25) (53)
25-45 B 0 10YRS/8 +179Q 6.1 17.6 26.0 4,4 360 4.5 4,6 282 7.0 N.P. N.D. N.D. N.D.
) . (26) (18) (78)
45-55 C 0 10Y¥YRE6/6 +180 6.1 21.2 24.8 4,1 300 5.1 4.0 24y .2 N.D. N.D. N.D. N.D.
(24) (36) (81)
Shale R . - - - 20.8 26.0 4.4 348 - - - - - - - -
(c) Imperfectly Drained Valley Floor (Sannan Series). Slope QP !
0-10 1 2 10YRS/2 +200 6.7 13.6 14.8 34 1luy 3.0 5.4 100 9.51
(22) (386) (69) 6.9 4.5 55.8 200
16-20 E 2 10YRS/2 +200 6.7 12.0 14.8 3.4 140 2.3 6.0 80 7.%1
. (19) (u1): (57) : .
20-30 J 2 10YRS/2 +180 6.0 14.0 1u4.8 3.4 100 1.7 5.0 42 u,1 N.D. N.Db. N.D. "  N.D.
. (12) (33 (42)
30-45 1 5 2.5Y6/2 +230 5.5 16.4 13.2 3.7 96 1.7 4,2 35 3.5 N.D. N.D. N.D. "N.D.
. (10> (32) (385)
. 45-60 Bg S 2.5Y6/2 +2130 5.5 12.4% 4.8 3.8 96 2.3 3.6 2y 3.1 N.D. N.D. N.D. N.D.
©(19)  (24)  (285) . .
60=-65 J 5 2.,5Y6/2 +250 5.4 14,0 16.8 3.0 56 1.7 7.6 25 5.6 N.D. N.D. N.D. N.D.
: (12) (u5) (45)
65-75 1 .70 10YRS/2 +24O 5.5 14.8 11.2 3.2 60 1.1 3.6 ° 24 3.5 N.D. N.D. N.D. N.D.
cg 7 (32) (0)
75-95 J 70 10YRS5/2 4240 §.5 16.0 10,0 4.7 100 1.7 3.0 24 3.0 N.D. N.D. N.D. N.D.
11y (30) (2u) .
Shale R - - - - 17.2 12.8 3.2 264 - - - - - - - -
(d) Poorly Drained Valley Bottom (Cegin Series). Slope 07 .
0-10 ] 5 10YR4/3 +190 5.6 13.6 22.8 3.7 uu0 10.5 22.9 400’ 17.?]
E N (77) (99) (91) 3.9 1.9 63,0 200
.10-20 J 5 10YR4/3 +190 5.6 .24.4 17.6 3.2 292 5.6 12.0 150 13.gj
. ' (23) (68) (51)
20-35 1 20 2.5Y5/2 -10 5.2 16.0 14,8 3.1 56 1.7 8.6 26 9.7 N.D. N.D. N.D. N.D.
Bg/Cg (11) (58) (ug)
35-50 J 20 2.5Y5/2 ~10 5.2 14.4% 1su.8 3.1 - 80 1.1 8.0 16 9.0 N.D. N.D. N.DP. 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

0T



TABLE 29: A Summary of Data for Topsoils, Subsoils and Rocks from Profile Pits and Stream

Sediments cn the Denbigh Upland.

CGroup of Savples

Total Metal Content

EDTA-Extractable Metal

(a) Topsoils
Pewys Series (3)%

Lenbigh Series (4)
’.;annan Series (1)
Cegin Series (1)
£led Series (1)

£11 Topsoils (10)

11

25

£) Subcoils

;cwys Series (3)
Dendbigh Series (4)
Cannan Series (1)
.Cegin Series (1)
Aled Series (1)

11 Subsoils (10)

23

(c) Focks

(d) Stream Sediment

8

Content (ppm) En(mv)
Mn Co Cu Mn
108-752 2.6-3.7  3.C-G.4  110-280 +170t5+260
3u9 3.0 4.7 190 +1%0
(3) % (22) (54)
296-1464  B.7-9.0  5.u-20.0  120-706 +60tc+210
874 4.3 6.9 385 +1€0
(29) (32) (57)
100- 144 1.7-3.0  5.0-6.0 42-100 +180to+200
128 2.3 5.5 7 4120
[5)) (an (s8)
292-140 5.6-10.5 12.0-22.6  150-u00 +100
366 8.1 17.3 225
(43) (85) (61)
292-540 7.2-9.1 12.0-13.6  220-u85 +210t0+220
a1 7.9 12.6 382 4210
L (u3) (u1) (89)
100-146%  !'0.7-10.5  3.0-22.6  u2-706 "+60t0+ 260
390 5.1 9.8 251 +130-
(3u) (43) (64)
128-4ug 1.7-3.0  2.2-4.2 14-156 5.2 +210tc+240
258 2.5 2.9 79 .6 +220
(22) (15) (31
210-372 2.2-5.1  2.4-8.6 20-520 .0-6.5  +130to+220
291 3.8 5.8 203 6.2 +15
(23) (22) (70)
56-200 1.1-2.3  3.0-7.5 24-38 J4=5.5  +230ta+250
- 82 1.7 4.4 2 5.5 +240
(12) (33) (32)
56-80 1.1-1.7  8.0-8.5 16-26 -1
68 1.u 8.3 21
(2) (56) (31)
392-416 4.1-6.5  8.7-10.3  120-200 +200t0+220
4ou T 5.3 8.5 160 +210
(23) (33) (40)
56~ung 1.1-6.5  2.2-10.3  14-520 ~10%0+250
221 2.9 . 5.9 98 +170
(18) (29) )
168-1032 . _ . -
413
496-1095  5.4-6.8  2.8-14.0  96-860 +80t0+270
868 6.2 4.5 297 +170
(31) (21) (34)

*( ) Number of soil profiles

#%#( ) Extractable metal content as a proportion of total metal content (%)

801
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(b) Mechanical GComposition and Orgahié'Matter Content

The Powys and Denbigh topsoils contained similar amounts of sand, siit
and clay, but the imperfgctly 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 content was Powys::> Cegin > Denbigh >
Sannan,

(c) Total Soil Metal Contents

In the Powys prefilc concentraticns of Coc and Fe showed similer dietri-
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 tbe C horizon
than above and similar to the Cu content of the underlying shale., The Mn
contents, however, decreased sliéhtly with depth in the profile, Cbnpentrations
of Co and, in particular, Mn weré 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, GConcentrations
of Cu and Fe were fairly similar throughout the profile. CGConcentrations of all
four elements were similar in the‘parent material to those in the B and G
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 E 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 prof{le were fairly constant with depth.
The Co content of the surface was considerably lower than that at the base of
the ¥ horizon, but below this Co contents decreased to 14.4 p.p.m. at the base

of the profile, Concentraticns of Cu decreased slightly and Mu 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 cof
Co, Cu, Mn and Fe were.lower in the Bg/Cg horizon thaﬁ 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 horiéon. Propor-
tions of total Cu and Mn extracted were fairly constant in the surface, but
declined markedly in the B and é 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 Sannen profile the proportion of total Co extracted varied from
7 to 22%, tending to be slightly higher in the surface than below 20 cms. depth,
and the EDTA-extractable Co content was positively correclated with soil organic
matter content ( r = 0,736; p = <J0.05). AExtractable 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 Cé 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 éannan serles showed
overall Cu depletion in relation to the Cu content of the parent material,
Congentrations 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 ﬁhe mean Mn content of the shale, Concen~
trations of Mn in subsoils were generally lower than in topsoils and rocks,

The mean éﬁream sediment contents of Co, Fe and Mn showed enrichment
in relation to both topsoils and subsoils from the profile pits. Mean concen-
, trati@ns»qﬁ Fe and Mn in the sediments also showed enrichment in relation to
the rocks,

B. The Deanbigh~Aled Sequénce

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 ﬁoderately 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
seric s was very similar, but the Aled profile contained slightly less organic
matter than the Denbigh soil, In both series organic matter content decrcased

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°
0-10 0 10YR3/3 +210 5.6 12.0 27.2 3.1 436 6. Oee 10.0 384 12.51 .
‘ o S (50)" (37) (88) . 3.8 20.9 52.4 15.8
10-20 A 0 10YR3/3 +210 5.6 12.8 26.4 3.1 40O 6.2 . 8.4 355 B.ZJ
—I‘ - (48)  (32) (89) o ‘
20-30 0 10YR3/3 +180 6.3 13.6 26.4 3.4 296 4.5 7.0 270 8.4 N.D." N.D. N.D. N.D.
, : , | ©(33)  (27)  (31) ‘
30-45 B 0 10YR5/6 +210 6.5 15.6 27.2 3.8 240 4.5 4.2 130 4.9 N.D. N.D. N.D. N.D.
- . A - (29) ° (15) (54)
45-5% c 0 10YR5/6 +210 6.4 16,1 29.3 3.9 232 3.8 2.9 85 4.2 N.D. N.D. N.D. N.D.
(24) (10) (37)
Shale R - - - , - 26,0 36.0 3.8 .320 - - - - - - - -
(b) Moderately Drained Valley Floor (Aled Series). Slope O . ‘
0-5 1 2 10YR4/3 +210 5.4 19.2 30.8 3.7 .u60 7.5 12.0 4u0 B.J] _
' : (39) (3%) (96) 10.0 17.8 49.8 16.0
2 10YR4/3 +210 5.4 18.0 32.0 3.9 540 9.1 13.6 485 7.2}
: . (51) (43) (380)
15-25 _J 2 10YR4/3 +220 5.4 18.0 30.0 3.8 282 7.2 12.1 220 5.8 N.D. N.D. N.D. N.D.
(40) (u0) (75)
30-50 B . 0 10YRS/4  +200 5.5 22.4% 28,4 5,5 U416 6.5 10.3 200 4.8 N.D. N.D. N.D. N.D.
(29) (36) (48)
50-70 c 0] - . +220 5.3 24.4 30.0 4,1 392 4.1 8.7 120 - 2.9 N.D. N.D. N.D. N.D.
(gravel) (17) (29) (31)

) Extractable metal content

as a proportion of total.metal content (%).

FN.D. Not Determined.

(AN}
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(c) Total Soil Mectal 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. Concentraticns of Fe were ;imilar throughout
the profile with the exception of the B horizon, where there was a moderate
enrichment, Mangancse contents ranged from 292 p.p.m. between 15 and 25 cms,
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,
Extraétable Mn aé 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 froﬁ the Aled
thaﬁ from the Denbigﬁ 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 decrcased 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 mzan
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 Te coﬁtents of rocks and stream sediments.

(i1) TPartial Extraction of Topsoils from the Denbigh Upland

Topsoil (0 to 15 cme.) samples, collected from the catchments at
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approximately 50 metre intervals in the transects, were extracted with EDIA,
acid ammonium acetate and neutral ammonium acetate as described in Chapter II,
page lé6.:

A, The Powyé—benbigh—Sannan4Cegin Sequenee

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 NH Ac.

Acid NH,Ac extracted less Co from the Powys series than from the other

4
soils, Similarly a smaller prgportion>of the total Co content was removed by
acid NH4AC from the Powys series than from the other series. EDTA, however,
extracted similar amoupts of Co from the Powys, Denbigh and Sannan soils, but
considerably more Co was extracted from the Cegin series. The greatesﬁ propor-
tion of the total soil Co content was extracted from the Cegin series by EDTA,

Neutral and acid NH,Ac removed similar proportions of total soil Cu

4
from the various series. EDTA extracted more Cu from the Cegin series than
from the other soils, and the largest proporiion 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 NH4Ac than from the other soils, but EDTA extracted twice as much Mn from
the Powys and Denbigh soils tﬁan from the Sannan and Cegin series; All the
extractants, however, removed a larger proportlion 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 (Sanmnan 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 NH,Ac EDTA- Total Neutral NHch Acid NHwAc EDTA- Total Neutral NHch Acid NHch EDTA-
Extractable Extractable Extractable . Extractable Extractable Extractable Extractable Extractable

Powys 9.0-10.4 0.5 1.2-4.4 25-39 0.4-0.7 0.4-0.8 '6.0—9,6 800-1230  14-24 37-49 198-388
Series 9.9 (5)%* 2.8 30 0.5 0.5 7L 870 19 Lb 282
(3] = 1 (28) (2) (2) (2u) (2) (5) (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  1u4-35 32-66 184-3u6
Series 10.5 = 0.9 1.7 18.7 0.6 0.5 b 817 26 42 2uy
(6] (9) (16) (3) (3) (2w) (3) . (5) (30)

-3 L '

Sarman 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 L3 26 35 122
[2) (10) (1) : (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  1u4.4-14.8 150-320 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) (5%) (2) (#) (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) oy (L (44) (12) (31) (83)

«[ ] Number of samples
k() Extractable metal content as

a proportion of total metal content (%)

ST1
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TABLE 32: A Summary of Extractable Cobalt, Copper and Manganesé Contents of Tépsoils
' (0-15 cms) and Stream Sediments in the Powys-Denbigh-Sannan-Cegin Soil
Sequence on the Denbigh Upland.

" Catchment Sample COBALT (ppm) COPFER (ppm) MANCANESE (ppov)
Total Acid I Ac EDTA- Total Neutral M, Ac Acid I Ac EDTA- Total Neutral KH Ac Acid KHAc EDTA-
tractable Extractahle Extractable Extractable Extractable Extractable  Extractable Extrectable
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 54-353 |
[is]* 20.8 1.0 2.5 22.8 0.6 0.6 6.6 619 26 uy 135
11.6 (9)s# (22) (3) (3) (29) . (1) (7 (32)
Sediment 26.7 0.6 . 6.8 32 0.u 0.1 14.0 1030 120 321 850
(2) (25) , 1) . (1) [{I) (12) (31) (£3)
Topsoil 6-23  0.1-1.0 0.0-3.8 11.3- 0.0 0.0-1.3 §.2-10.2  40-1120 5-79 10-120 14-384
2 Lg 15.3 0.6 1.4 27.5 0.6 6.8 . 603 37 70 228
. (u) (9) 21.7 () (31) (6) (12) (38)
Sediment 20.0 0.7 6.0 26.3 0.0 1.6 2.8 560 21 3u 218
(4) (30) (&3] (11) (4) (6) (L)
Topsoil 6-16 N.D.¥%%  1.2-L.4 B8.5~26,3 N.D. . N.D. 2.4-6.0  8§0-8u8 N.D. N.D. -265
3 [1]  10.3 3.4 4.8 Toous uy6 134
(33) (29) (&)
Sediment 18.5 N.D. 5.4 10 N.D. N.D. 3.1 u96 N.D. N.D. 95
(28) (31 a)
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. ©  80-6S8
u [2] 16.2 L.3 (16.3 6.9 956 357
, (27) . (v2) (37)
Sedirent 15.0 N.D. 6.1 10 N.D. N.D. 4,2 . 932 N.D. N.D. 213
: (u1) (42) (23)
Topsoil 14-21 N.D. 2.0~9.6 13.8-29.8 N.D. - N.D. 3.6-16.8  452-194Y4 N.D. N.D. 160-716
(12 18.2 5.2 24.9 8.6 a7y 369
5 (29) (39) (42)
Sediment 23.0 N.D. 6.7 23.8 N.D. N.D. 5.1 952 N.D. - N.D. 237
: (29) - . (21) (25)
ALl Topsoil 5.6~  0.5-1.9 0.0-9.6 11,3- 0.0-l.1 0.0-1.3 2.4-16.8 LO-1gub 5-79 10-120 8~716
Catch- [74)  2s.0 1.8 3.4 39.0 0.6 0.6 6.6 699 32 57 257
ments 4.3 (6) (24) 20.1 (3 B €< )] (33) (5) (8) (37
27 27 27 27 27
Sedimentl5.0-  0.5-0.7 5.4-6.8 10-32 0.0-0.4 0.4-1.6 2.8-14.0 496-1030 21-120 u-321  96-860
26.7 0.7 6.2 20.4 0.2 1.0 . 5.8 796 71 178 a3
22.8 3 . (27 w (5 (28) (9) (22) (u2)
2 2 2 2 2

#[]  Number of samples .
®*%( ) Extractable metal content as a proportion of total metal content (%) #ieAN.D, Not Determined,

911
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(b) Relationships Betwecen Extractable‘and Total Soil Metal Contents and

Plant Uptake of Co, Cu and Mu,

In general actual amounts of Co, Cu and Mn extracted from topsoils
showed some variation between catchments, but this was related to differconces
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
Ac was correlated with the Cu contents of herbage sampled in July (p = <20.05;

4

r = 0,526), and Cu extracted by EDTA was correlated with Cu concentrations in

NH

herbage collected in July (p = <ﬁ:0.001; r = 0,807, n = 16),

An assessment of combined data for all catchments indicated that thefe
was no correlation between total scil 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 = <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 Mn contents of herbage, and
there is no'relationship between total soil Co and Mn contents and concen-
trations of these elemeﬁts 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 countents of herbage and it fherefore 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-Stceam Sediment Relationships

Concentraticns of o, Cu and Mn in neutral and acid NH,Ac extracts of

the stream sedimentin Catcbment 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 tﬂe soils. As 83% of the totai Mn content of the stream
sediment was exitracted by EDTA it appears that most of ghe Mn had reached the
stream as a result of mobilisation and leaching rather than by clastic dis-
persion, particularly from the ﬁoorly 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 Denbigh-Aled Séquencé

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 NH,Ac, but more Co was removed from tleAled series than from the

4
Denbigh soil by EDTA.

Concentrations of Cu and Mn in acid NH4AC 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 élates

in Devon which contain 30 to 50% clay. There was little difference between

the neutral NHAAcuextractable Mn contents of the Aled and Denbigh topsoils,



Extractable Cobalt, Copper and Manganese in Topsoils (0-15 cms) and Stream Sediment in Catchment 2 of the

.TABLE 33:
Denbigh-Aled Soil Sequence on the Denbigh Upland (Ranges and Means)
roup of COBALT (ppm) COPPER (ppm) MANGANESE (ppm)
amples ‘Total Acid NHAc EDTA- Total Neutral NH,Ac Acid NH Ac EDTA- Total Neutral NH,Ac Acid NH, Ac EDTA-
Extractable Extractable Extractable Extractable Extractable Extractable Extractable Extractable
enbigh 12-20 1.1-1.98 0.4-7.0 18.8-30.0 0.0 0.0-1.3 6.4-3.8 620-860 30-78 69-152 284-482
Series 17.4 1.3 *3.9 26.9 0.8 7.7 747 L6 93. 376
[7] * (7)%4% (22) (3) (29) (16) (12) (50)
Lo '
led 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  u8-51 A91—-17u 384-452
Series 20.8 1.4 8.7 21.5 2.7 9.3 670 50 . 140 410
[3 (7) (42) (13) (43) (7) (21) (61)
o2
Stream 16 1.2 6.0 18.8 0.0 2.0 2.8 830 16 66 248
Sediment (8) (38) - (11) (15) (2) (8) (30)

[ ] Number of samples )
#%( ) - Extractable metal content as a proportion of total metal content (%)

61T



TABLE 34: A Summary of Extractable Cobalt, Copper and Manganese Contents of Topsoils (0-15 cms) and Stream Sediments in
. the Denbigh-Aled Soil Sequence on the Denbigh Upland '

‘atchment Sample COBALT (ppm) COPPER (ppm) MANGANESE (ppm)
© Total Acid NH, Ac EDTA- Total Neutral NH, Ac Acid NH, Ac EDTA- Total Neutral NH, Ac Acid NH, Ac EDTA-~
Extractable Extractable Extractable - Extractable Extractable Extractable Extractable Extractabl

Topsoil 14.8- - N.D.%=% 1.2-6.2 24,5 N.D. : N.D. 6.0-11.4 460-1160 N.D. N.D. 192-408
9% - 23.14 4,0 . 90.0 . 8.8 - 768 311
l. 18.1 (22) - 37.2 . : (24) , (u40)
Sediment 20 N.D. 6.8 27 N.D. N.D. 3.7 1095 . N.D. N.D. 326
] (34) C ‘ (14) (30)

TTEEfil 12-22 1.1-1.9 0.4-9.6 18.8- 0.0 -7 0.0-3.0 6.4-10.0 600-880 30-79 - B69-174 284-482

30.0 ' .

2 18.5 1.3 5.4 25.3 , 1.3 8.2 724 47 . 107 386
‘ ' (7) %% (29) ‘ - (5) - 1.(32) - (1s8) ] (15) (53)
Sediment 16 1.2 6.0 18.8 0.0 o 2.0 2.8 830 16 66 248
(8) (38) (11) (15) ) . (2) (8) (30)

Topsoil 16-25 N.D. 4.4-70.0 18.8- N.D. N.D. 8.4-14.0 648-1160 N.D. N.D. ~ 350-614
5 [6] 20.8 5.6 27.5 : 10. 4 939 L85
(27) 22.7 ] . {(ug) ' : . (52)
Sediment 16 N.D. 5.7 22.5 N.D. . N.D. 3.1 892 N.D. _ N.D. 212
(36) : (1) (24)

All Topsoil 12-25 1.1-1.9 0.4-10.0 18.8- ~ 0.0 0.0-3.0 6.0-14.0 460-1160 30-79 69-174 192-614
Catch- [Iz)s] 19.1 1.3 5.0 90.0 10 1.3 9.1 810 47 107 394
ments _ (7 (26) 30.1 (5) (30) (6) : (15) (49)

10 10 10 10 |

Sediment 16-20 1.2 5.7-6.8 18.8- 0.0 2.0  2.8-3.7  830-1095 16 66 212-326
[3] 17.3 (8) 6.2 27.0 1 (11) 3.2 939 (2) (7) 262
1 (36) 22.8 ' 1 (1) 1 1 (30)

%#[] Number of Samples *% N.D. Not Determined

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

0Z1
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(b) Relationships Betwcen -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 NHaAc-extractable soil
Co contents (p = <C0.05; r = 0,818; n = 6). There was no relationship
betweén the Cu and Mn contents of hgrbage and amounts of Cu and Mn extracted
from topsoils by ény of the reagents,

Since some different correlations were obtained in this soil sequence
between total and extractable soil metal contents and concentrations 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 Sediméht‘RélétioﬁsHigs

The "acid NH4AC and EDTA-extractable Co contents of the stream sediment
in Catchment 2 -were similar to mean topsoil contents. The acid NH, Ac-

A

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 cf Mn were extracted from the sediment
than from topsoils by all three reagents, Thesec results suggest that Co, Cu
and Mn are probably present in the stream sediment as a result of clastic
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 Mn 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 topsoils and stream sediments, shéwn in
Table 34, indicated that acid NH4Ac 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 Ehan
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that removed from topsoils, Acid NH4Ac 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.,

(1ii) Results of Detailed Profile Investigations on thetDenbigh Moorland,

The main soil sequence found on the Denbigﬁ 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'Hiféetﬁég-YnySQCaron.Séqueﬁée

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 Hiraetﬁog profile on the hill top was poorly drained at the surface
but_fregly draiged below the organic layer, pH was relatively high (5.8)'
in thg_Q.hpriggn; deq;gased to 3.4 in the A and increased to 4.8 below the»iron
pan, The O 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 te the iren pan
at 40 cms. The pén was not indurated and was difficult to distinguish from
the rest of the BFe horiéon, which showed widespread orange colouration
associated with accumulétion of ferric iron. The C horizon was siﬁilar in
colour to the BFe.

The Ynys series on the hill slope was poorly drained although Eh readings
were positive throughout the profile. Mottling was abﬁndant in the mineral
horizons., The pH of the O horizon was lower than in the mineral soil below
30 cms. The Caron peat near the stream was also poorly drained, particularly
below 75 cms. where Eh readings were negative, pH increased slightly from

3.4 in the litter layer to 4.6 in the more mineral horizom at 155 cms. depth.

(b) Organic Matter Content

In the Hiraethog and Ynys series there was a sharp decrecase in organic
makter content below the O herizon. 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 leaethog—Ynys—Caron 8011

Sequence on the Denbigh Moorland

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

(a) Moderately Drained Hill Top (Hiraetheg Series). Slope 0°

0-10 L-H(0) o] SYR2/1 =-80 5.8 4.0 16.0 0.7 134 3.an 6.4 120 8l.2
(75) (u0) (s0)
10-20 A 0 §YR2/1 +280 3.4 1C.u 6.0 1.2 152 1.5 1.0 3u 87.7
(14) (17 (22) .
20-40 Ea 0 10YR5/3 +300 3.5 6.0 3.0 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 2y 14,2
Br, (13) (21) (10)
50-65 J o] 10YR5/8 +300 4.7 12.8 27.2 4.8 92 1.5 4.6 ] 8.0
. (12 17 (9)
65-70 C o] 10YR5/4 +280 4.8 29,2 45.2 5.2 468 6.7 3.0 170 2.4
(23) (7 (36)
Shale R - - - - 36.8 1.2 4.8 508 - - - -
(b) Poorly Drained Hill Slope (¥nys Series). Slope 1° .
0-10 L o] . 5YR2/2 490 4.1 4.8 21.2 1.3 uz 4.5 10.4 32 94,3
(9y) (u9) (786)
10-20 F o] S5YR2/2 490 4.1 6.0 6.8 2.5 17 2.2 3.0 10 89.3
. (37) (uu) (59)
20-30 H- 0 . SYR3/1 4100 4.1 5.2 6.2 ~ 3.0 10° 3.0 5.4 8 50.4
. ' (58) (87) (80}
30-50 1 30 10YRS/2 490 5.1 18.2 14.0 4.3 176 0.7 2.2 10 lz.u
Bg : (%) (16) (8)
50~60 _J .0 ., 2,5Y6/u +20 5.2 1,4 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 11.86 19.2 3.7 80 1.5 5.4 10 8.0
) (13)  (28)  (13) :
Shale R - - - - 29.86° 26.0 S.u4 336. - - -
(¢) Poorly Drained Area Close to the Stream (Caron Series), Slope 0"
0~5 L 0 SYR2/2 +220 3.4 6.0 16.8 0.5 28 3.0 9.8 20 84.9
. . (50) (57) (71)
5-15 F 0 5YR2/2 4170 3.6 3.2 6.8 0.3 12 2.2 1.6 ) 9L, 3
- . (69)  (2w) . (33)
15-35 0 SYR3/1 +110 3.5 3.6 *6.0 0.3 12 2.2 2.4 4 97.5
. (61} (u0) (33)
35-55 ¢] SYR3/1 +80 3.4 4.4 4.0 0.3 24 3.7 1.4 8 98.5
. . (8u) (35) (33)
55-75 0 SYR3/1 +20 k.0. B.Uu 5.2 0.2 14 2.2 l.u 8 96.2
H X (3u)  (27)  (57)
75-95 0 5YR3/1 =150 4.0 3.2 10.0 0.1 28 3.0 3.0 10 95.1
X (9y) (30) (36)
95~115 o 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 SYR3/1 <70 k.y 3.2 12.0 0.4 28 2.2 2.4 20 70.2
- ' (69) (200  (71)
135-155 C 0 SYR3/1 =50 4.8 4.8 21.2 0.4 24 3.6 9.0 20 66.0
(75) (u2) (83}

7( ) Extractable metal content as a proportion of total metal content.

AN



TABLE 36: A Summary of Data for Topsoils, Subsoils and Rocks from Profile Pits, and Stream Sediments
) on the Denbigh Moorland. -

_fzouy of Camples No. of Total Metal Content  (PPM) EDTA-Extractable Metal Loss on pH Enh{mv)

Content (ppm) Ignition
samples -
Co Cu Fe(%) Mn Co Cu Mn (%)

tiraethog Series (4)# 14 3.6=17.2 4,0~36.0 0.2-2.7 - 11-3¢4 1.5-9.2 1.0-16.2 8-294 11.3-93.0 3.3-5.8 -1001t0+3C0 |
8.2 17.8 1.0 111 3.8 8.3 74 51.3 3.8 +150
(ug)® (47) (67)
Yrys Series (3) : 10 %.8-20.4  B.2-75. L 5-6. 10-1220  2.2-14.8 3.0-35.0 8-330  27.1~94.3  4.1-6.2 ~300+2+102
- 1.5 2375-7 05756 333 5.4 10.9 2:9 74.6 4.7 -50
. (45) (uB) (74)
arsn Seri ) y 12-180 1.3-5.2 1.4-ub4.56 L-76 - 53.7-98.5 3.b-L.6 —i0tC+sTU
Carcn Series (3) . 17 3ig—36.0 U.g;ll?.ﬁ G.1-2.7 ' 52 2.5 9.9 25 87.1 3.9 +110
-2 .3 0.8 (25) (1) (u8) »
Manod Series (1) ‘ 2 7.648.8 8,0-8.% 2.6-2.9 72-92 0.7-3.% 2.4-3.6 10-~24 17.3-17.5 5.7 +250
8.2 8.2 2.8 82 2.2 3.0 17 17.4
: 27 (37) (21)
ALl Topsoils (11) 39 3.2-36.0 4,0-117.85 0.1-6.8 10-1220 0.7-14.8 1.0-u4.6 4-930 11.3-98.5 3.3-6.2 =300t0o+300
9.6 18.3 1.7 . 148 3.5 2.0 91 $7.6 bW.5 | +120
. (357 (44} (63)
" (b). Siktseils ‘
Hiraethog Series (u) 9 7.6-29.2 13.2-45,2 O-H-7L6 60~468 1.5-9.2 1.9-9.6 8~170 2,4-24,7 3.6~4.8 +250%t0+3(0
. 15.0 23.3 3.3 146 u.8 6.0 52 10.4 5.0 +270
: : : (32) (26) (35)
Yrys Series (3) 7 7.7-05.2 12.0-95.8 ©0.7-8.5  €0-408  0.7-32.1 2.2-11.0  10-210 §0-20.8  5.0-5.8 -33055730
16.5 21.9 3.7 206 6.5 6.8 8% 8.0 5.3 -7
(39) (31) (41)
Caran Sevies (2) 3 §.6-17.2  6.0-66.0 L.0-94.6 §2-220 0.7-8.5 2.7-28.6 ¥=107 G.1-35.56  3.7-8.7 -I0to+al
13.9 0.0 2.4 140 4.7 11.5 s8 15.6 4.1 +10
. (34) (38) (41)
¥znod Series (1) 2 17.8-17.2 22.0-35.8 5.8-6.0 720-292 7.2 . 2.4-4.0 G-5 §.8-8.1 §.3-8.7 +250t0+270
_ 15.0 2g.5 5.7 256 3.2 6 6.5 4.5 +259
. : (1s) (11) (2)
All 3ubseils (19) 21 7.2-45,2 6.0-66.0 0.4-7.5 . 60-u68 0.7-32.1 1.9-48.6 4-210 2.4-25.6 3.6~5.8 -300to+309
15.1 25.9 3.8 187 4.6 6.9 50 2.9 5.5 +120
(30) €27) (273
() Pocks 7 16.0-36.8 20.0-77.5 u4.2-5.6 2927520
26.7 ' 34.3 4.9 . 105 - - - - - -
(d) Stream Sediments 5 6-320 7-21 5. 6%nR 130~7600 1.5-79.0 0.9-3,7 42-750 1.8-64.L J.4=6,1 +130to+230
) 2263 .4 U . .
92.6 1278 18,4 2.4 395, 38.7 4.5 +190
#{ ) liumber of soil profiles
wr( )

Extractable metal content as a proportion of total metal
cocntent (%)

ard One sample only

Al
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at 115 cms. depth to 66% in the more mineral horizon at 135 cms,

(c) Total Soil Metal Contents

Total conccntrations of Co in the Hiracthog scfies were variable but
showed an overall increase from 4 p,p.m, in the O 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 O 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 O 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
witﬁ the podzolisétion process, the highest Fe content being in the iron pan.
The upper ho:i;ons‘contained low‘concegtrations_of Fe and below the iron pan
contenf§Aygreu§imi1ar 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 (O to 65 cms.) 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 subsbil, 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 uﬁderlying shale,

Concentrations of Co, Mn and Fe were very low throughout the Caron peat
profile compared to concentrations in the Hiracthog and Ynys series., Copper
contents indicated enrichment in the litter layer and an increaseton 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 O 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 O 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 déptg. 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
Wefe siﬁilar to tﬁose obtained in previous studies (Horsnail, 1968). The
Hiyae;hqg? Ynys_apq Caron-topsoils and subsoilglcontained lower mean concen-
trations of Co, Cu, Mn and Fe than rocks, indicating that these soiis 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 stfeam sediments showed énrichment
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 oéidising 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 Scil Profile Morphology

The Manod scries profile on the hill top was shallow ard freely drained.
Eh was positive throughout the profile. pH decrecased 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 (%)

and (ppm) Metal Content (ppm) Ignition Fine Coarse 8ilt Clay

Herizon (%) ~ Co Cu Fe(%) Mn Co Cu Mn (%) Sand __Sand

(a) Freely Drained Hill Top (Manod Series). Slope 3°

0~-5 _] 0 10YR3/3 +250 5.7 7.6 8.0 2.6 72 3.7 3.6 24 17.;1

Ea (o™ (us)  (33) 2.3 3.2 62.0 25.0

§-15 J Q 10YR3/3 +250 5.7 8.8 8.4 2.9 ‘92 0.7 2.4 10 17.%J
(8) (29) (11) S

15-30 'B o] 10YR5/3 +270 4.7 17.2. 22.0 5.0 220 2.2 4.0 Y 8.1 MN.D. N.D. N.D. N.D.

Fe (13) (18 (2)
30-55 C Q 2.5Y4/4 +250 4,3 12.8 3u4.8 5.4 292 2.2 2.4 8 4.8 N.D. N.D. N.D. N.D.
Ce . (17) (1) (3)

Shale R - - - - 16.0 30.8 4.8 420 - - - - - - -

(b) Poorly Drained Hill Slope (¥nys Series). Slope 1

0-10 L/F o, 5YR2/2 +70 5.1 13.6 75.2 1.8 112 3.0 35.0 38 70.8 N.D. N.D. N.D. N.D.
(22) (u7)  (3W) i

10-30 -] o O 5YR3/1 -70 4,9 17.2 16.8 1.0 60 8.2 10.u 30 75.8 N.D. N.D. N.D. N.D.

: (48) (62) . (50)

30-60 H 0 5YR3/1 -90 .4 19.2 22.0 Q.7 152 6.7 7.0 96 79.4 N.D. N.D. N.D. N.D.
(35) (32) (63) .

66-380 o] S5YR3/1 ~120 5.2 8.4 24.0 0.5 120 3.0 6.0 76 78.6 N.D. * N.D. N.D. N.D.

. (36) (25) (63)
30-100 Cg Q 10YRu/1 =170 5.3 10.4 .34.,8 0.7 1lub 2.2 11.0 110 20.4 2.8 2.0 43.0. 34.0

(21> (32)  (76)
(c) Moderately Drained Area Close to the Stream {(Caron Series). Slcpe 0°

0-10 L/F 0 5YR2/1 +290 4.1 36.0 20.0 0.4 108 2.2 9.6 76 83.4 N.D. N.D. N.D. N.D.
(6) (48) (70)
10-20 0 5YR2/1 +300 3.8 36.0 20.8 Q0.5 64 1.5 7.2 . uy 86.0 N.D. N.D. N.D. N.D.

(u) (35) (69)

20-30 (o} SYR2/2 +300 3.7 4.0 38.8 2.7 2k 1.3 8.1 7 93.0 M.D. N.D. N.D. N.D.

’ (33) (21) (29) -

30-50 0 SYR2/2 +300 3.7 4.4 117.6 0.3 24 1.5 4u.6 8 87.9 N.D. N.D. N.D. N.D.

. : (34) (38} (33)

50-70 0 SYR2/2 +80 3.9 7.2 82.0 1.2 60 3.0 45.0 8 53.7 N.D. N.D. N.D. N.D.
(42)  (55) (13

70-80 C (o} 5YR3/1 +10 4.7 9.6 66.0 1.6 92 0.7 28.6 25.6 N.D. N.D. N.D. N.D.

y
(7) (43) (4)

3& ) Extractable metal content as a proportion of total metal content (3%).7¥N.D. Not Determined

XAl



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 minera1>horizon appeared to be the result of heavy
gleying under reducipg 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 cms. 1In the latter profile tﬁe peat
was about twice as deep as tﬁat 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 géntained 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 € 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 cms, to 20% in the subsoil. Organ%c matter contents

indicated a more mineral horizon was reached at 70 cms. 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 ieaching from the Ea horizon and enrichment in the
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BFe 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 cdncent;ations of Co and Mn occurred in the 30 to 60 cms.
* layer of the O 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 enviromment 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. ip 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 O 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 reﬁoved from the surface by EDTA.

In the Ynys profile larger proportions of total Co were extracted ffom
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 proportidns 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 cms. 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,
suggeéting 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 Dembigh 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 cms) 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 NH4AC 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

NH, Ac, Consequently the largest proportions of the total metal content were

4

removed by EDTA and the smallest by neutral NH,Ac, which is to be expected in

4

soils of high organic matter content, This was also the case for Co, Cu and
Mn extractea from the Caron peat and for 6u and Mn removed from the Ynys top-
4Ac 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

soil, Acid NH



. | TABLE 38: Extractable Cobalt, Copmer and Manganese in Topsoils (0-15 cms) and Stream Sediment in Catchment 1 of the
Hiraethog-¥nys-Caron Soil Sequence on the Denbigh Moorland (Ranges and Means)

Group of CORALT (ppm) - COPPER (ppm) MANGANESE (ppm)
Samples "Total Acid NH Ac EDTA- Total Neutral NH Ac Acid NH yhc EDTA- Total Neutral NH Ac Acid NH,Ac EDTA-
Extractable Extractable Extractabie Extractable Extractable Extractabie Extractable Extractable
Hiraethog 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-L6
Series 3.1 0.6 1.5 10.6 1.1 L. L,2 38 11 18 ‘ 2y
[g = CT (1g)E (48) (10) SN G 1)) (0) (29) (47) (63)
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 Lbou-11.4 20-180  3-u41 11-76 10-138
Series 7.6 6.4 6.7 12.6 2.6 - b.3 . . 7.8 - 85 17 3y 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 I
Se'z_rilies (30) (60) (6) (19) ’ (40) (36) (48) (64)
Ll e :
Stream 320 2.6 5.9 14 0.0 1.0~ . 2.5 2050 211 480 750
Sediment (L (2) ‘ _ (7) (19 (10) (23) (37)
(] Number of samples _ '
CERRC) Extractable metal content as a proportion of total metal content (%)

TET



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

CCEALT (ppm)

COPPER (ppm)

MANGANESE (ppim)

Total Acic W, Ac EDTA- Total Neutral NHjAc Acid NH Ac EDTA- Total Neutral BH Ac Acid NHAc LTTA-
Extractable Extractable Extractable Extractable Extractable Extractable  Dxtractable Extractable
Topsoil 2.4- 9.2-10.6  0.1-14.4 5.8-  0.0-5.3 0.0-7.2 1.2-11.4  20-120 3-41 6-76 2-138
1 Egds  15.0 2.2 3.3 13.0 . 1.3 2.5 5.9 48 13 2% 28
4.4 (50) % (75) 11.1 [@F)) (23) (53) (27 (50) (z8)
Sediment 320 2.6 5.9 b 0.0 1.0 2.6 2050 211 us0 750
Y] R ) (7 (19 (10) (23) 37)
Topsoil 2.4- N.D %k 1,2-4.4 5.8~ N.D. N.D. 3.4-3.8  12-290 N.D. N.D. 20-84
2 [y 2.8 32.0 5.8 101 37
4.8 (58) 15.3 (38) (37)
Sedirent 6 N.D. 2.1 7 . N.D. N.D. 1.3 130 N.D. N.D. uz
(35) (13) (32)
Topsoil 1.4 N.D. 0.0-14.4  g9-27 N.D. N.D. 2.4-14,0 13-390 N.D. N.D. 4-150
L1y 15.0 2.5 15.6 7.0 68 34
3 4.6 (54) (u5) (£0)
Sediment 20 N.D. 3.6 12,8 N.D N.D. 0.9 £03 N.D. N.D. 185
(1g) (7N (32)
Topscil 4-16  0,2-1.7 0.5-5.4 5.8- 2.%-0.9 0.3-2.6 2,0-11.8 16-1208  5-u8 8-55 2-420
" [8] 8.7 . -3.1 30.0 0.7 1.5 5.9 353 i 27 102
(11) (36) 1.4 (5) (10) (1) (5) (8) (29)
Sedimerit 25 0.5 1.5 9.3 0.0 .8 3.7 1032 103 212 388
(2) (16) (9) (L0) (10) (21) (38)
¥arod-  Topsoil 2.9-  0.3-1.1 1.2-5.4 7.1~ 0.0 0.4-1.3 3.4-19.0 u7-150 y-17 13-25 14-60
Yrya- 1 1.0 0.7 2.7 27.0 0.8 8.1 91 10 19 27
Ciron 7.5 (9) (36) 14.9 (5) (54) (9) (20) (30
EZi:ence Sediment 92 31 79 pil - 0.0 0.0 3.6 7600 122 332 592
3 (34) (88) (17) (2) . (L) (8)
Al Topsoil 1.4-  0.2-10.6  0.0-14.4 5.8~  0.0-5.3 0.0-7.2 2.0-19.0 12-1:08 2-84 6-139 2-120
Catche [ud] 16.0 1.3 2.9 32.0 0.7 1.6 6.5 132 18 : 30 76
ronts 6.0 (22) (48) 4.3 (5) - (11) . (45) . (14) (23) (58)
Sediment 6-320 0.6-31.0  1.5-79.0 7-21 0.0- 0.0-1.0 0.9-3.7 130-7600 103-211 212-480 42-750
) 92.6  1l.u 18.4 12.8 0.6 2.4 . 2263 145 189 395
12) (20) (5) (%)) (6) (8) (17)

f'[] Number of samples

#( ) Extractable metal content as a proportion of total metal content (%)

#%N.D. Not Determined

43!
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Ynys than in Hirvacthog or Caron surface layers,

More Co was extracﬁed by acid Ni,Ac and EDTA from the Ynys than from

A
the other soils, andithis was alsc a largen proportion of the total soil metal
content than was removed from the Hiracthog 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 extractantsAthan 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, bﬁt Mn mobility was
similar in all series. The podzolisation process probably resulted in the
leaching of more mobile fractions of fhe total trace metal conten£ of the
Hiraethog topsoil, and it seems likely that the peaty surface horizoms 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-
tenté 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 Eombined correlatioﬁs were found (p = <<0.0l; n = 42)
between 1) the total Cu contents of topsoils and concentrations of Cu in July
‘herbage samples (¥ = 0.434), 2) the total Mn contents of topsoils and Mn

concentrations in herbage collected in Septcmber (r = 0.469) and 3) EDTA~
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extractable Mn and concentrations of Mn in September herbage samples (x = 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 NH4Ac-extractable Co content of the stream sedi-
ment wés similar to the mean topsoil content, but the mean EDTA-exiractable Co
content cf the soil was lower than that of the stream. Amounts of Cu removed
from ;he 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 tlerefore,
at the time of sampling, rélatively 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 6f the stream sediment were larger than
mean extractable Ma 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

Tn all cases EDTA extracted more Co, Cu and Mn from topsoils than acid

or neutral NHAAC. This was particularly noticeable in the case of the Caron



Extractable Cobalt, Copper and Manganese in Topsoils (0-15 cms) and Stream Sediment in the Manod-Ynys-Caron

TABLE 40:
. Soil Sequence on the Denbigh Moorland (Ranges and Means)

COPPER (ppm)

Group of CORALT (ppm) MANGANESE (ppm)
Semples Total Acid NH Ac EDIA- Neutral NH, Ac Acid NH Ac EDTA- Neutral NH, Ac Acid NHwAc EDTA-
‘Extractable Extractable Total Extractab%e Extractable Extractable Total Extractab%e 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
{3 * (23)%= (44) (11 (43) (7N (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 10-17 121-25 14-60
Series 11 (3) 3.7 19.7 0.9 12.0 g5 14 23 31
[3l 1 (3u4) 2 (6) (8D _ (15) t(2w) (33)
2 ' 2 2
Caron 123.5 0.8 72.6 17 0.0 O.4 S.0 15,200 370 Loy 7087
Series (L (59) (2) (53) (2) (3) (47)
[]
Stream 92 31 79 21 0.0 0.0" 3.6 7,600 122 332 592
Sediment (34) (86) (17 ' (2) (1) (8)
*[} Number of samples
S )

Extractable metal content as a proportion of total metal content (%)

SET
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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 i 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.

() Relatiénshiﬁé‘Between Extraétébie‘énd Totai Soii Metal Contenﬁ;and

Plant Uptéke'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.,

“(e) Stream Sediment-Soil Relatioﬁships

The stream sediment was enriched in Co and Mn cohpared 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 sedimeﬁt than in the adjacent
topsoil.

Proportions of the total Co content of the stream sediment exiracied by

acid NH,Ac and EDTA were very large and indicated that Co was undergoing pre-

A
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

clastic 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.



3. DISCUSSTON

(1) The Denbigh Upland

Detailed investigations of profile pits have indicated that szoils 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 ﬁorm (Ball,
1960). Tﬁis mat is incorporated into the Ap horizon when the Powys series is
ploughed up., Trace element depletion in the Powys séfies 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 éodzolisation (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 moleculeé.
Possibly under natural vegetation (heather, gorse and bracken) this process
occurs on hill tops in the Denbigh Upland, but a podzél does not develop
because soil acidity is not sufficiently low té inhibit the activities of soil
fauna which tend to preveni the formation of distinct horizons. With reference
to the second suggestion (b), soil pH rarely falls below 4 and at this value
the sglubility 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 Ma and Co. In Catchment 1 of



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\penbigh topsoil was slightly lower Ehan 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 betwéén 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 Wefe similar in topsoil and subsoil.

The Cegin series was depietéd in Co, Cu, Mn and Fe in relation to mean
concentrations in the parenf material, but concentrations were consistently
higher in the topsoil than in the subsoil, possibly becausé 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 Saﬁnan and Cegin series,

fhe similar clay confents 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 gemerally smaller in wetter soils, probably because the material has been



139

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 rédox 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 foﬁnd in other Upland series, probably
because it is a relatively young soil in which weathering and profile differ~
eﬁtiation 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 s;ight 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, Fevand Mn compared

. to mean concentrations in tobsoils from the profile pits agd,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 fhought to be the poorly drained Sannan
and Cegin soils, where reducing conditions prevail, particularly the Samnan
-seriés, 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.

(1i)  The Denbigh Moorland -

Data from detailed profile investigations indicated that the soils of
the Denbigh Mooriénd are depleted in Co, Cu, Fe and Mn in relation to the
underlying Silurian shale,

Concentrations of Co, Cu, Fe‘and'Mh in the 0,Ea and B horizons of the
Hiraethog series reflected redistribution resulting fiom 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-
gétions 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 fhe Bre 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 alsp conirol the depth of the zone of maximum ftrace
element accumulation, due to variations in the stability of the chelates formed
with trace elements by the polyphenols and otﬁer 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 di5p1aceé 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 énalysis indicated that Co and Mn were associatéd
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
prOpoftions 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 Eﬁ conditions in the Ynys series resulted in trace element
depletion relative to the parént material, The organic surface horizon con-
tained lower Co and Fe conceﬁfrations, higher Mn concentrations and similar Cu
concentrations compared to the mineral subsoil.wJ,Larger proportions of Co ad
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 depletéd 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 thoughf to be tﬁe result of changés 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 CS
content of sediments was lower than that of topsoils and subsoils, suggesting
therc is some Cu fixation, probably by organic matter, occurring in the Moorland
soils. éimilar 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 énd 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 th; Moorland sediments was higher than that of the Upland, probably due to
the high peat content of many of the stréams.

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 (0-15 cms) and Herbage from the
‘ " Denbigh Upland and Moorland
Parameter The Denbigh Upland The Denbigh Moorland
Measured
Stream Topscil Herbage Herbage Streanm Topscil Herbage Herbage
Sample Sediment Rock (0-15 cms) sampled sampled Sediment Rock (0-15 cms)sampled sampled
Type in July in in July in
September ) September
Eh(mv) +80to+270 -260to+220 , +130to+230 -230to+290
+170 - +100 - - +190 - +140 - -
oH 5.0-6.5 | 3.8-6.8 3.4-6.,1 3.1-5.1 -
5.9 - 5.3 - - 4.5 - 4.3 . = -
Organic 0.8-u4.1 4,1-37.3 _ 1.8-64.4 - 11.3-98.5 _ -
matter 2.0 } 13.8 ) 38,7 57.6 "
content(%) : ’
r{E Co ‘ 15.0-26.7.17.2-34.4 5.,6-28.0 N.D.* 0.02~0.23 6-320 16.0-36.8 1.4-16.0 N.D. 0.04-0.29
sa 20.0 22.6 - 16.7" 0.03 . | 56.9 26.7 6.0 0.13
U~
=& |Cu 10-32 12.8-40.0 11.3-90.0 2.9-18.7 5.2-24.8 - 7-21 20.0-77.6 5.8-32.0 2.9-12.6 2.0-15.4
E;a 21.6 25.7 25,1 7.7 12.2 12.8 34.3 . I4.3 7.6 8.1
9 :
t;g Mn 496~1030 168-1032 4{0O-19u44 16-560 16-584 130-7600 292-520 12-1208 26-1600 55-835
O ) 868 413 755 136 L 189 4265 LO5 ' 132 257 256
= Fe(%) 4.8-8.4 3.2~5.0 2.7-13.2 20-1150 '100-1330 5.6 4,2-5.6 0.1-0.2 30-380 50-6&0
Qéi— 5.9 4.3 6.4 -218(ppm) 318 (1)#=* 4.9 0.1 143 200
oo — . (9)
B+)Co 5.4-6.8 0.0-10.0 _ _ 1.5-79.0 _ 0.0-14.4 - -
U 5 6.2 - b,2 18.4 2.9
S5 fcu 2.8-14,0 ) 2.4-16.8 _ 0.9-3.7 _ 2.0-19.0 _ -
ol 4.5 7.9 2.4 6.5
U Mn 96-860 ) 8-716 _ 42-750 _ 2-1420 _ -
i R 297 326 395 76
A+ No. of ' .
M2 samples 8 1l 3° -100 102 5 7 49 70 67 E

*N.D. Not Determined

%#%( ) Number of Samples



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). 1In 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 strecam 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 of 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 enviromments, |
C. Topsoils

As in previous studies (Niphol 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 normélly 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,
compa;ed.tq the Upland, reflect the intense leaching which occurs in this

environment,

D. Herbagé

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 carlier studies (Reith et al, 1964). This tregd was
not apparent for the Moorland herbage as a whole, but cbnsidering 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,xlimiﬁg,Jreseéding 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

(L) Interpretation of Stream Sediment Data

A{ New Evidence

(a) On the Denbigh Upland and Mooriand étream sediment data for Co, Cu, Fe

and Mn cannot indicate differences in concentrations of these elements between
soll 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 fo? 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:ssome 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 1éaching 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 althoﬁgh 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 soilldrainage.

(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 Dembigh Upland and Moorland showed depletion of one
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or more of the trace clements studied in relation to concentrations in the
parent material,

(») On the Upland mean total Co and Fe concentrations were slightly lower

in topsoils of the Powys, Denbigh, Sannan and Aled series Lthan 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 tﬁe 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,

(a) 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 BFe 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) Differeﬁces between trace element contents of topsoils of various

series are the result of differences in topographic location aqd the effects

of soll 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, |

1) On the Moorland Mn mobility was similar in all series but Co and éu
were more mobile in the Ynys possibly due to poor soil drainage and different
composition of the peat, compared to thé 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 différences or lower "availability" in the soils, Moorland
herbage, however, showed enrichment in Mn iﬁ 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;CL, 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 ﬁy 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 berbage. On the Moorlaﬁd“total soil Cu

was related to concentrations of Cu in herbage; total and EDTA—e#tractable Mn
were related to Mn coﬁtents 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. CREENHOUSE EXPERIMENTS

CHAPTER VII. A\bTUDY OF COPPER AND MANGAVESE UPTAKE BY PERENNIAL RYEGRASS

1, INTRODUCTION

Field investigations in Devon and Denbighshire, reported in Cﬁapters
ITI, IV, V, and VI, have provided inforﬁation about the distribution of Co, Cu
and Mn in stream sediments, rocks, soils and herbage under énvironmental
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
b& plants from these soils under, as far as possible, identical environmental
conditions, Unfortunately iflwas not poésible 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 6ut 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 liéhting was not used and the air temperature was maintained
ét above 20°C.

The trials were laid down as follows: plastic pots of 15 cms. diameter
were filled firstly with a small duantity-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 gemmination, cutting
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to within 2 cms, of the soil surface and taking care to avoid soil contamination.
The material was dried for-about 24 hours at GOOC., wveighed 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 totél
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. betailed 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 IT were analysed to illustrate differences between soils
while soil conditions were closést 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 effeéts 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



Used in Pot Trial 1

TABLE 42: Characteristics of Soils
“nlil Soil Soil Topographie Drainage Mottles pH Organic Texture Total Metal Content (ppm)  EDTA~Extractable Acid NH,Ac  Beutral ME A
lirmzer Series  Type Location (mv) Content Matter Metal Centent (ppm) Extractable  Extrectabhle
(%) Content (ppm) (oo
(%) Co Cu Mn  Fe(®) Co Cu Mn Cu Mn tn
1 ‘Halstow Surface Hill top Imperfect Slight Loam
water Fottling 40.3 6.5 28 10.6 25.8 50.0 510 5.8 3.0 1.8 330 2.4 185 39
Gley in root
channels
2 Tedburn  Surface Mid-Slope Poor Heavy Loam
water Orange =0.5 5.9 k28 10.3 244 36.0 332 5.0 6.8 6.8 212 2.6 sk ug
Gley Mottles
3 Paedy Grourd Adjacent Very Slight Loam
Carplex  wvater to stream Poor Orange ~-1.9 6.2 42 17.3 8.4 39.2 300 4.4 6.0 16.0 152 2.2 113 4
Gley Mottles
& Brovn Upper Imperfect Slight Loam
Earth Slope Mott- +0.7 6.4 33 15.7 20.8  38.u 632 4.7 12.0 10.8 330 2.0 150 39
with ling ' .
Sleying
g Brown Hill Free Absent Loam
Earth Slope +2.3 4.8 28 9.1 28.0 36.0 1280 8.7 k.6 3.6 Loy 1.4 - 170 55
3 Brewm Adjacent Moderate Slight Loam
Earth to stream Mottling +1.4 5.6 27 8.8 u2.4  32.4 1184 4,2 19.2 12,4 1023 3.0 2838 102
7 Carting- Ercen Hill Free Absent +2.0 6.3 26 12.3 Loam
ten . Earth Slope ’ * 4 35.2  33.2 110u 5.2 14.0 6.8 618 2.0 152 pr
3 Pulsford Surface Adjacent Very Heavy Loam
water to stream Pocr Orarge ~2.1 5.7 42 16.7 25.6° 38.4 234 4.8 9.0 18.0 272 3.4 136 52
Gley Mottles

16T



FIGURE 20: Mean Drv Weights, Copper and Manganese Contents of Perennial Ryegrass at Harvests I, IT and VIII of Pot

Trial 1 (Devon Soils).

A = No nitrogen added; B = 200 units of nitrogen; . C = 400 units of nitrogen.
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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.comm,1972).

Source of Variation Degrees of Sums of Mean Variance
Freedom Squares Square Ratio (F)

Blocks .3

Treatments ‘ , 23

Soils (S) 7

Nitrogén (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-nit;ogen 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 béen applied compared to the controls (p =

< 0.05); 400 units had no effecé on Cu contents but Mn concentrations were
significantly lower than in the controls (p = < 0.05). Mean dry weights

(g.~ shown bclow) indicated that the latter was not a dilution effect.

Treatment Harvest I Harvest 11 Harvest VIIT
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 3 0.6

At Harvest II nitrogen had no effect on Cu, but Mn concentrations in ryegrass
significantly increased at both levels (p = <C0.001). 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 = <<0.05).



(iii) Discussion

A, Concentrations of Cu and Mn inARyegrass 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
solls 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 éatena from which the soilé were taken.

(a) Poorly Drained Soils Derived from Shales of the Crackington Formation

(Upper Carboniferous Rocks,North of Dartmoor - Soils 1 to 4).

Dry welghts 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
nitreogen applications increase not only dry matter production but also the size
of cells, giving them a thinner cellAwall 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 Sefies. 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 soiis where Cu mobility, as assessed by the use of partial extractants, was -
greatest, i,e, the Tedburn and.Reedy soils. 1In previous work (Mitchell et al,
1957a) larger amounts of Cu were extracted by acetic acid and EDTA from pocrly
drained than from freely drained soils., This is probably due to increased
weathering of soils which is thought to occur in poorly drained sites (Rudeforth,
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 nitrégenous fertilizers
at different levels of application, have obsérved that nitrégen 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 Mn uptake déés 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 élement
content of a given §oii than wherelnitrogen fertilizer has not been applied
(Whitehead, 1966; Reith, 1970) fesulting in a real decrease in the content of
herbage. This may have been one of the réasoﬁs why Cu and Mn contents of
ryegrass ténded 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 IT
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 pll 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 Crackington Formation (Soils 5 & 6),

Dry weights were 10Qer at the end of the trial than at Harvests I and II,
possibly due to deterioration in drainége conditibns 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 d;ained 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 &, bﬁt showed little variation
between soils and concentrations were similar to those in ryegrass on the poorly
drained soils discussed previously. -Conéentrations 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/th£oughouﬁ 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 567 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 ﬁevon soils, Mn levels in
ryegrass were highest at the end of the trial.

B. The Combined Data

At tﬁe beginning of the trial con;entrations 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
decreaséd - 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 tﬁe end of the trial concentrations of Cu and Mn were lower where
nitrogen had been applied than in the controls and, for the c0mbined dafa, 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 fgrtilizers 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 O, Ea and B

Fo horizons, representing the type

of soil which would result froﬁ 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 énd4peat on top to simulate the natural soil
profile, Soil 7 (Ynys) was made up in a éimilar way to soil 4, by mixing the
underlying mineral material with the surface peat. The Caron peat (6) was much
more aﬁorphous 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 i'n Pot Trial 2

Zeit Soil Soil Tepographic Drainage Mottles Eh pH  Clay Organic Texture Total Metal Content (ppm) EDTA-Extractable Acid ¥H, Ac  Neutral 1T, Ac
limier Serles Type Location (mv) Content Matter Metal Content (ppm) Extracteble  Extrectadle
(%) Content (rpm) (rpm)
(%) Co Cu Mn Fe(%) Co - Cu Mn Cu Mn Mn
1 Ler>igh  EBrown 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
Earth
2 Powys Erom 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
Larth
3 Sannan Erom Valley Heavy
Earth . Floor Poor Orange -0.7 5.9 34 9.3 Loam - 16.0 4.8 300 3.6 7.6 5.8 186 2.6 128 LYl
uith Mottles 4
gleying
4 . - ) .
Si:-é Hill Free  Absent +2.2 4.5 26 48.6 Clay  12.8 8.0 8 %1 9.0 1.5 6 1.8 4 )
Pzdzol Top : Loam
5 firetheg Pty mn Free  Absent +2.2 4.5 22 §0.1 Clay 9.4 5.2 24 2.4 L4 2.8 6 1.6 6 1
%) Pudzol Top (in Ea) Loam )
[ Carcn Crganic Adjacent Poor Absent +0.1 4.3 N.D.®* g9u,3 Peat 10.0 1.0 52 1.8 3.8 4.8 36 1.6 34 10
Coil to stream
7 TS . Mottles ,
mived Peaty Eill Poor present +0.3 4,1 20 43.3 Clay 8.0 5.6 2u 7.8 8.2 0.4 . § 1.8 o 0
(peat Gley Slope in (in E) Loam
+E) mineral
horizon
8 Yrys Peaty Hill Foor Absent +0.2 4.1 N.D. qu.3 . Peat 4.8 13.2 24 1.9 1.8 4.8 6 2.0 8 2
Gley Slcpe
“1.D. Not Determined

L61
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FIGURE 21: Mean Dry Weights, Copper and Manganese Contents of Perennial Ryegrass at Harvests I, TII, III and VII
of Pot Trial 2 (Soils from Denbighshire). :
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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
wéight 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, nitrogeﬁ 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 signifiéantly
compared to the controls with 200 units and decreased significantly where 400
units were applied (p = <C0.05). This appears to be a real effect as mean dry

weights (g.) for each treatment were similar as shown below:-

Treatment Harvest T _Harvest II Harvest IIT Harvest VII
Control 1.8 _ 2.0 ‘ 2.0 0.6
200 units of N. . 2.0 s | 2.0 0.5
400 units of N 2.0 1.3 0.6 0.5

At Harvest II, Cu concentrations in ryegrass decreased sigﬁificantly
where niﬁrogen was applied (p =<C0.001) 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 decréésea with 200 units
(possibly partly due to a dilution effect resulting from increased dry matter
production) but increased with 400 units of nitrogen (p = <{0.05). 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 =<C0.05). 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 Mn contents showed decreases with 400 units

in rclation to the control (p =<C0.05) and these appeared to be real effects,

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—extfactable Mn contents (r = 0,800, p = <0.05), determined before the
soils were used in the trial, but there were no other apparent‘overall corre-
1ati§ns~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 tri;l dry matter production was similar
on the-Powys and Denbigh soils but lower on the Sannan series, posgibly due to
the poor structure and larger clay content of the latter., Dry weights were
generally lower at the end Af 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 seriéé. 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 ;oncentrations of other elements, such as
potassium and phosphorus, in.the soils,

Manganese concentratioﬁs were related to spil organic matter contents
at the beginning of the trial, being highest on the Powys series, possibly due
to reteﬁtion of Mn in "available! form associated with organic matter, It is
difficult to explain the low Mn contént 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 Samnan 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 nitrpgen had been applied, as discussed for Devon
soils in Pot Trial 1(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, frobably due to the difficulty in
establishing ryegrass on this acid péat.. 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 wéights were generally lower thaan at
‘earlier harvests and were lowest on the Caron peat.

At the beginﬁing of the trial Cu contents of ryegrass were related to
total and EDTA-extractaBle soil bu contents (total Cu contents ranged from 5.2
to 14.0.p.p.m.)rbeing slightly highef on the Caron than the Hiraethog soils.
However, no allowance was made for variations in bulk density between soils,
At Harvest ITI 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 concentfations were particularly low on the Ynys soils, There was no simple
relatiénship between Cu concéntrations in ryegrass at later harvests amd 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 VLI reflected
soil clay contents, with the highest levels on the mix ed 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 tﬁe 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
ﬁinimum requirement of 5 p.p.m, and 40 p.p.m. Mn for sheep (A.R.C., 1965). It
appears that addition of nitrogenwto 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 uﬁits 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 féctor. At the end of
the trial 200 units of nitrogen were associated with an increase in Cu contents
but wifﬁ 460.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 applications have been found to be associated with a decrease in Cu



162

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 DISCUSSTON

(i) Seasona1>VéfiéEi6ﬁé‘iﬁ‘Cbpper and Manganese Contents of Ryegrass

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 theﬂexperimental 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, Interpretétion 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 fiéld. 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 conditicns 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 énd thesé may have varied, Changes in Eh may have influenced Mn
Pavailability" and pH variations may have affected du 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 varlety 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, waever,
addition of these elements to the soils in order to prevent the development of
deficiencies wquld also probably have affected Cu and Mn mobility and uptake.
For instance phosphate additions have been foﬁnd to depress Mn uptake by plants
(Walsh et al, 1950; Archer, 1966). Similarly although pH was probably a
limiting factor for growth of r&egrass 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 triai 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 Jf the results obtained in the pot trials
were similar to those obtained in the field. -

In the greenhouse experiments herbage containing low Cu concen trations
occurred on soils of the Halstow, Dunsford, Darfington 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,

Duns ford 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-extragtable 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. S UMMARY
(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 gnd 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.
() Coppef concentrations in herbage analysed showed no relationship with
properties of so?ls derived from Devonian slates, but throughout the tri#l 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»df soils determined before use in the trial,

(£) 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.

(é) 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 Devén
soils, including the Halstow and Dunsford, and all the Denbighshire soils.
Similar results were obtained from some of the field herbage samples.

(i) 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 nitrogeﬁ 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 Cﬁ and Mn concentrafions 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.

(L) Results tended to confirm earlier sﬁggestions (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 showed no seasonal trend,

(n) It has been shown that greenhouse experiments can be usefully related

to fiéld 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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CHAPTER VIII. EFFECTS OF ENVIRONMENTAL FACTORS ON THE AGRICULTURAL

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 highAdegree of empirical correlation between
ﬁetal distribution in stream sediments and problems in agriculture relating
to imbalance of Mo, Se, Co, Mﬁ, Cu, Zn ana 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 thigkness of the drift. 1In 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‘Deﬂbigh 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.Cariow (Webb, 1964), and
betweeﬁ low bo (<<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 conten&s of soils and stream sediments
were not generally related to Cﬁ concentrations in pasture, OUn 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 (Thorntom, 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 associéted 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 tOpsbils containing approximately
280 p.p.m. Mn, and deficiencies of Mn have been reported in arable crops-

(Jordan, pers.comm. 1972).

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 diseése 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 reiationships 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 materiai; (i1) soil.drainage, (1ii) topography (iv) pH and
Eh and (v) podzdlisation._ 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
aremore 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 océur'but it appeared that the pérmeability 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 areé 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-sloperand valley floor, Pfofile investigations confirmed that the
soils of Longham Down and the upper slope arc derived from shales coutalning

lower concentrations of trace elements than the rocks (shales) of the lower
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slope and valley floor, Also the latter appearved te be less permeable to water
than the rocks upslope, giving rise Lo poorly drained soils of the Tedburn and
Reedy series, from which Co'and Mn were leached and précipitated in the stream
sediment. o

Changes in the trace element content of the parent material within a
catchment can therefore have an important effect upon the iﬁterpretatiom 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, whiéh 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 sedimentg on the lower zones of the Lower Lias assoéiated with the
Qeeurrence of "tgaxﬁ" or molybdenosis, in cattlgf However on the Middle and
Upﬁer_tias stream sediments contained background levels of Mo (<::2;p.p.m.j,
assoéiated 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 cf the effects of éoil 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 coatents

sithin the catchment but the poorly drained soils containing lower concentralions
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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 sedimept. )The poorly drained soils were often depleted of Co, Fe and
Mn, particularly in the subsoil, in relation to .the parent material, These
resulté 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; éomine, 1962; Meek et al, 1968;
Patrick and Turner, 1968).

B. Upper Carboni ferous Rocks North of Dartmoor

Previoué work in this area indicated that high concentrations of Co, Mn
and Fe in stream sediments on Crackington formation shales were not always
related fo 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 Mﬁ 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 seriés 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 sdils of the Teién 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 ansford 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 éontents 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 ou the hill top
were accumulating up@e{ ogidisinglconditions in the Dunsford series. .

On sandstones of the Bude formation the poofly drained soils of tﬁe 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 matcrial 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, 19568), 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 b;ganic soils of the Ynys énd 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, Reducirg 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 lowér 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 concent?ations 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 p£0porti0ns of the total metal content are
readily extractable from poorly drained than from freely drained topsoils, and
herbage growing on poorly draineé 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 an& Fe in relation
to mean total contents of topéoils 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,
whi.ch give an indication as to possible stream sediment enrichment in Co, Mn

and Fe in relation to mean topsoil contents, FEh 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,.
(1ii) Togogféﬁhi

Topography influences the development of soil seriés éhrough 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, éuch as the iron pan of a podzol, does not readily

occur (Russell, 1961), There is also a tendency for fine clay and silt-size

v2

articles 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 hi11.t0ps 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 generaljin the area
underlain by the Créckington 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 érace element asseﬁblages are located in specific tépographic
locations, a -knowledge of the relationship between soll 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) pll 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 conditlons.
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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 sediménté 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-
. o

ments on the Denbigh Upland and Moorland (Chapter VI, pages 142 to 145 ).

(v) fodzoliéation

Profile investigations indicated that podzolisation results in redistri-
bution of trace elements and concentrations in or immediately below the iron pan
were hiéher than in the surface layers, with the exception of the litter layer
in some préfiles. | It 1s thought that low molecular weight decomposition pro-
ductsz(maiquvpo1yphenols)“of plant remgins foxm soluble organic complexes with
Fe, Al and asscciated trace elements which are then leached down the’profilé
(Bloomfield, 1955), These complexes are deposited in the B horizon because
(a) an increase in metal to chelate ratio lowers the sblubiliﬁy of the complexes
and (b) flocculation of the complezes occurs in the presence of small concen-
trations of divalent cations such as Mg2+ or Ca2+ (Bower, 1970). This process
gives rise to the characteristic enrichment of organic matter, Fe and Al in the
upper B horizon and deplction of Al and Fe in surface horizonms, Thé 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
wilth 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 othcr>trace elements may be displaced further
down the profile than Fe because they form moxre stable chelates thaner with

organi.c 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 tﬁan 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).
Prgblems of Co deficiency in livestock have been encountered in many areas of

podzolised soils in the United States (Kubota, 1965), Similarly very low concen-
.tratioﬁs 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 Coj 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 séils

occur,
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3. FACTORS INFLUENCING UPTAKE OF COBALT, COPPER AND MANGANESE BY PLANTS

AND THETR EFFECT ON THE TNIERPRETATION OF STREAM SEDIMENT DATA,

Trace element corntents of plant tissues.depend go 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, (£) rooting depth, (g) seasonal effects,
maturity and species diffevences, (h) addition of fertilizers and basic slag

' and-(j)wsoil'drainagefu Not all these factors have been investigated as
features of the interpretation of geochemical reconnaissance data in the
present study,

(1) 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 =44 0.371). 1In 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)1

On the Denbigh Moorland soil pH was positively correlated with Mn con-
ceﬁtrations 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
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-

Significant Correlations Obtained Between Concentrations of Mn in Herbage and Soil QHQ

, TABLE 44,
Time of Type of » Level of Correlation Number of pH
Study Area Herbage Signific~ | Coefficient (r) ' -
: SR Sampling | Correlation | ance (p) | : Samples (n) | (Range & Mean)
Upper Carboniferous Rocks September Negative <Z0,01 - 0.406 52 4,9 - 6.8
North of Dartmoor. . . | .. 0 oo 6.0
Lower Carboniferous Rocks June " Negative <0.01 - 0.809 10 “"SIO/: 6.8
West of Dartmoor | . v . b 5.9
Devorian Sandstones in June Negative <<0.01 - 0.486 33 3.8 - 6.7
North Devon, e 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
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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 afféct'root development and Mn upfake by plants..

A knowledge of solil pH is useful when interpreting stream sediment data.
When soil pH is below 5 moderate levels of Co, Cu, Ma 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) :-
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into soil minerals

In 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

- . 84 . F2d 1 b % C # 2o wra |-+ 7
extractants, confirming pravious results (Mitchell, 1963). It is well known
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that redﬁcing conditions resulting from poor soil drainage cause the more
soluble divalent forms of Co, Mn and Fe to predominate (Kee ahd 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 councentrations 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 Cw in topsoils and concentrations in herbage’
confirming previous work (Mitchell et al, 1957; Thornton, 1968; Browman et al,
1969). 1t 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 ave often poorly drained for at least part of the
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year and this factor must be considered when interpreting stream scdiment data.

(iv) Cation Exchange Capacity

Clay particles are negatively charged as a‘consdquence of the net negative
lattice charge, and the adsnrbed compensating cations forﬁ 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

_jSoil'érgapic matter has a relatively large capaéity to combine with
certain trace eigments, 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 prgapic 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 sails because
the fﬁnctional 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 féund 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 enviromment, as found in préﬁious 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 deptﬁ 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
comﬁetition will favour plants with well-devéloped 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 nof indurated such as those examined in the present study.
»Cogcgnt;ations_of the trgce.elemgpts_studied were generally higher in heather
- than grasses as found by Thomas (1956), on the Hiraeghog series, probably partly:
because heather is deeper-rooting than the grasses.

(vii) Seasonal Lffects, Maturity and Species 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 variabie.
Similar results were obtained for Co in pastures by Andrews (1956) aﬂd 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 areés, 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 métter, ARC., 1965). However, in Sept-

ember similar low concentrations of Cu rarely occurred in herbage.
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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 (Juncus spp.) contained higher con-
centrations of Mn than'adjacent pasture grasses. Some weed species and clover
are reﬁorted 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

Fertilizgr applipapionsraré knowp to affeqt tracere;ement 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 associagioﬁ with moderate applicgtions,of'nitrogen (200 units in
this case), as found by Stewart and Hoiﬁeé (1953); Hemingway (1962); Havre and
Dishington (1962); Archer (1966)., However, Cu and Mn uptake from soils of low =
Cu and Mn stat;s is usually depressed by nitrogen applications, as found for Cu
by Fleming and Delaney (1961); Knabe et al (1964); Bosch (1964) and Reith (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. PhosEhorué

With the exception of Larsen (1956, 1964) workers consider that phosphate

fertilizers depress Mn uptake by plants (WMalsh et al, 1950; Walsh and Neenan,

1956; Archer, 1966), In general Co and Cu uptake by plants does not appecar to
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be influenced by phosphate applications to the soil (Hemipgway, 1962; Archer,
1966).
c. Potassium

Fertilizers containing potassium have litile effect on trace element
contents of herbage (Hemingway, 1962; Archer, 1966). |
D. Baéic‘SIag

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 O 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 ;hg_Eowys?sgrieg.on“the;Denbigh Upland increased the total trace metal

content of the topsoil but did not affect concentrationé 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 Mﬁ

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 concent;ations in herbage
were not related to soil drainage status. Eh readings are related to soil
drainage conditions, and in the Powys—Denbigh—Sannan—Cegin'éoil sequence on the
Denbigh Upland concentrations of Mn in herbage were negatively correlated with
Eh (r = -0.709, p = <<0,0l in July; r = -0,923, p =<C0.00l in September),
Many workers have noted higher concentrations of Co, Mn and/or Te in herbage on
poorly drained compared to freely drained soils both in the field (Hill et.al,
1953; Mitchell et al, 1957; Hodgson, 1963; Rcith, 1970; Jones and Etherington,

1970) and in greenhouse experiments (Kubota et al, 1963; Adams and Homneysett,

1964). This factor may therefore wmodify the stream‘sedimcnt~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 OTIHER 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 regioﬁal basis for the whole of England aﬁd Wales, Maps are based on the
analyses of stream sediments taken at a density of appvoximately one sample per
square mile, It 1s 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 enviroomental 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 arecas of relatively
homogeneous parent material,

(1) 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 Scmerset,

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-
tracions 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 catchwent, where the Pulsford series formed at least 15 to 20%
of the catchment soils, the stream sediment was enriched in Mn compared to all
L0psoils of the catchment., Availability of all the elements studied is greater
on the poorly drained Pulsford series and as é‘result herbage contained moderate
to high concentrations of Co, Cu, Mn and Te on\all the series studied, Stream
sediment patterns, although failinglto indicate the low total metal contents of

the poorly drained soils, generally present few problems of interpretation from

the agricultural point ol 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 arca of approximately 1020, 340 an'd 170 square miles res-
pectively (Harrod, pers,comm,1972).

B, Upﬁef 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 Cd, Mn and Fe in relation to catch-
ment topsoils., This corroborated earlier findings (Horsnail, 1968), 1In 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 sadiment was particularly
ﬁafked when the feﬁburn series (surface-water gley) covered at least 20% of the
cotchmenkt area, Concentrations of total Mn were considerzbly lower in poorly
drained than freely drained soils, particularly where the former wefe adjacent
to tﬁe stream. Moderate concentrations of Co, Mn and Fe were found in herbage
on Upper Carboniferous rocks, but in early summer many herbage samples containeﬁ
"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 scdiment data
from areas of Upper and Lower Carboniferous shales and séndstones 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.conm, 1972), but the
Reedy Complex is of little significance. The Dunsford series is similar to
other soils on the argillaceous Palaecozoic rocks of Highland Britain (Clayden,

1964) and may be directly comparable with the Denbigh series.
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C. Devonian Sandstonés

Concentrations of Co, Cu, Mn and Fe in stream scdiments were similar to
concentrations in topsoils of the predominant ‘freely drained brown earths,

They did not .however show up the very low concenérations 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. 1In areas on
the sandstones where podzolised soils do not occur interpretational problems
do not arise.

Soils deriyedAfrom Devonian sandstones in south-west England cover an
area of ap;roximately 700 squave miles of which the-Blackmoor Gaﬁe soil series
exteﬁds over approximatély 340 square miles (Harrod, pers,comm,1972), The
extent of the other series investigated is not known. It may also be peossible
to extrapolate the results to areas underlain by 0ld Red Sandstomes in pafts of
Shropshire, Hevefordshire, Mommouthshire, Brecknockshire, Glamorganshire,
C;rmarthenshire and Pembrokeshire,

(ii) Hales :

A, The Denbigh Upland

Trace element contents of stream sediments were generally similar to
mean Co, Cu, Mn and Fe concentrations in topsoils, confifming earlier studies
(Thornton,1968) but did not indicate the marked varilations 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, Im an exceptional catchwent, where poorly drained soils occupied
at least: 15 to 207 of the area, the siream sediment was enriched in Co and Mn

'in relalion to the majority of soils in the catchment.
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Concentrations of Cu in herbage in mid-summer were generaily low, parti-
cularly on the Powys series where many samples contained 1éss 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 maj vary. Overliming of
soils, and reduction of trace element "availability", or further increases in
étocking rates on the Upland could lead to the occurrencetiftracé 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=-
.-centrations-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-
¢entrations 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 togethef as one parent material, occupying about 55% of the land area
of Wales (Ball, pers.comm,1972)., These rocks arc the predoﬁinant 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 447
of the land area of Wales). The area 6f 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 squate miles), where soils of Brown

Farth 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 5ccupied by soil series investiéated in the present
study can be extrapolated tc give an estimate of their importance in Wales as

a whole, as shown below:-

Soil Series Aféé-C6Véféd-(Square miles)
Powys 100
Denbigh Brown Earth The "Denbigh 700
_ 1000
Sannan Association" - 11o
Cegin - Surface-water Gley . 920
Aled - Alluvial soil 45

About 13% of the—lénd area of Wales (about 1050 square miles) is
occupied by soils comparable to those of ﬁhe Denbigh Moorland (Ball, pers.comm,
1972), including soils of the Hiraethog, Ynys and Céron series. About 5% (400

_square miles) is occupied by soils of Brown Podzolic type, such as the Manod
“'series, It is estimated thét the soils examined infthe'present study occupy

the following areas of Ordovician and Silurian shaly sediments iv 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—df Scotland, It
appears, therefore, that rasults obtained from investigations In two types of
environment on Silurian shales in Denbighshire can be extraéolated to cover

very much larger areas of similar rocks.

Reconnaissance Data in Scuth-West England and Wales,
s

[y

Tn the areas of south-west Lnglaud studied the main factor influencing

the interpretation of stream sediment duta, in tenss o the ralationships 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 ﬁost
likely to be associated with areas of poorly drained séils.,.Examples have been
shown over Upper and Lower Carboni%erous shalas, 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 theée
conditions the elements are leached from the soil and concentrated in the stream

bed, Podzolised soils influence the stream sediment-soil relationship for the

¢

eiements 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 gfasses) growing on these soils frequently contains
low concentrations of the trace elements studied.

In Wales there are large areas on Silurién and Ordovician éhaly sedi-
ments where acid moorland conditions result in the heavy Co, Mn and Fe enrich-
) menfyfound in stream sediments on the Denbigﬁ Moorland; Fixation of Cu by
s0il 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—weéf
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.



't is suggested that during the intevpretation of the geochemical Atlas,
enriclment of strecam sediments in relation to topsoils in Co, Ma and Fe (and
\ .
probably Ni and Zn) is most likely to be associated with poorly drained soils

in south-west England, but 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 reconnéiss;ﬁce 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, Howevér, problems of interpreting the
data in terms of the total and "available™ metal contents of soils are compli- .
;ated by the influence of environmental factors, of which soil variation is
one of the most signiff&aqt.

Agricﬁltural interpretaﬁion 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, assumhig they are
reflected by the total metal gontenté of topsoils, counstitute a "problem' area.
However, iﬁtérpretatibﬁ of geochemical reconnaiséanCe 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, Arcas Underlain by Slates of Devonian Age,

1) Concentrations of Co, Cu, Mn and Fe in stream sediments are similar to
céncentrations 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
Pulsford series - a ground water gley) contain lower total concentrations of Co
and Mn than the freely drained brown carths 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 6060 to 20060 p.p.m. Mn 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, 27 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 excepiional cabchmenis where the proportion of poorly drained soils
exceeds 15 to 207%, the stream sediment has been found to be enriched in Mn in
relation to all t0pséilé’in the catchment, and in Co and Fe compared to most of
the poorly drained soils;' This isrgssociated with Mn and Fe staining in -the
strean bed and on the banks, Although there may be some release of Cu from
s0il minerals due to iﬁcreased weathering at poo£1y drained sites, Cu enrichment
of the sediment has not been found in the catclments studied.

"5) Conééntrationé'of Co, Cu and Mn in herbage.on all series are variable
but, irrespective of the toﬁal 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 fto 575 p.p.m. Mn, and in
September from 0,06 Lo 0.28 p.p.m. Co, 5.2 to 31,6 p.p.m., Cu and 124 to 488 p,.p.m.
¥n,

6) The results of the present study can be extrapolated over an area of
similar soils aand parcont waterial covering approximately 1500 squave miles in

South-wast England,

B. Areas Underlain bv Upper Cavboniferous Shales and Sandstones.
s o - 2 * ]

7) I areas of steep slopes and predominantly freely dréined goils, such as
the Dunsford series, concentraticans of Co, Cu, Ma and Fe in stream sedimeats
vanga from 15, 34, 1848 p.p.m. =nd 5.5% to 20, 35, 20C0 p.p.m. and 6.0% res-
pectively and are similar Lo these in the soils,

8) tn aveas of gentle slopes where poerly drained solls predominate, stream

3
-

sediments wre encic relation to topscils, confirming
Ee R GA G SR RS Ly A ) W 5} :
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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 siopes and may also occur
at the base of the slope) covers at least 20% of the area, ad 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,

10) As a result of mcbilisation and leaching under reducing conditions, and
possibly increased weathering of parent material, Mn concentrations are lower
in poorly drained théﬁ f;eely drained soils, ranging from 100 to 1300 p.p.m.

in the former comparéd t§ 500 t0,16001p.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'p£oportions of the total content of the enriched
element removed by weak cheﬁical extractants from the sediment are greater than
from topseils, Partial extractants may thus be useful in confirming areas
where poor soil drainage is affecting the soil-stream sediment relationship.“l
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 léss
than 5 p.p.m. and in September the prOporﬁion was 13%, Low concentrations of
Cu in herbage were not however related to any of the soil properties determined
during tﬁe 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

south-west Tngland,
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C. Areas Underlain by TLower 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 soiis on the lower
slope and vailey 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..resﬁéctively).

16) Around mid—slopé 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 ﬁlogr are ‘leached of Co, Mn and Fe under reducing conditions, which
results in precipitation of these eleﬁeﬁts in relatively oxidising conditions
in the soil iumediately adjacent to the stream and in the stream sediment,

18) Concentratims of Co in herbage varied appreciably and were iﬁ no way -
related to soil series or any soil properties determined during the present
study, 90% of the herbage samples contain less than 0.l 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) Concentraticns of Co, Cu, Mn and Fe in stream sediments are lower than
in the other Devon study arcas, ranging from 10, 5, 492 p.p.m. and 0.8% to 17,

54, 936 p.p.m. and 4&,1% respectively, aud are similar Lo 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, 350 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 loéated on

on hill tops far removed from streams, and are in no way reflected by the stream
sediment contents, Loq-total Co, Mn and Fe conitents also occur in the poorily
drained Chapman series (érdund 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 somewhatvatypical'moorland_gnvironment (most of the area underlain
by Devonian sandstones - approximatély 80% - is under.grassland with small areas
of woodland) the stream sediment is enfiched 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 podzelisation, leaching in acid groundwatar and, at some sites,
mobilisation under reducing conditions, concent}ations of Mn and Fe are lower

in the Ilkerton series than in the freely drained slope soils (unnemed) 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.:.
and 0.2% to 272 p.p.n, and 2,9% in the latter, Low concentrations of Yn and Fe
(12 p.p.m. and 0.1% te 20 p.p.m. and 0,4% respectively) also occur in the pcorly
drained Chapman series near the stream, Total Co contents show little variation
between soils, being uniformly low (2 to 9 p,ﬁ.m.)

24) Podzoiisatioulrosults in the redistribution of trace elements within the
profiles of Kentisbury and Ilkerton soils., Tn typical profiles concentraticns

%

of Co, Mn and Fe are lower in the surface herizons, ranging from 3.0, 3 p.p.m.
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and 0,4% to 6.0, 80 p.p.n. and 0,7% respectively, than in the BFe and C horizons
(4.0 to 30.4 p.p.m. Co, 68 to 168 p.p.m. Mn and 2.8 to 9.6% Fe), although Cu
and Mn show some enrichment in the litter layer, which ﬁay contain 13 to 15
p.p.m, Cu and 50 to 80 p.p.n, Mn. " Trace elements appearlto‘be depleted in
groundwater. There is little evidence for trace element accumulation in soils
downslope or (except under moorland cenditions) in the stream sediment,
indicating that trace elements are removed in the drainage system,

23) 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 fembrokeshire.

(ii)  Agvicultural 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
sinmilar, to mean Co, Cu, Hn and Fe contents of topsoils, as found in earlier
studizss (Thornton, 1968), but do not indicate the marked variations between
individual series,

27) In particular the poorly drained Sarnan and Cegin series near the eréams
generally contain lower concentrations of Co and Mn (ranging from 6 and 150 p,p.m,
o 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. vespectively).

28) Larger proportions of the total Co and Mn contents are generally ”availf
able" to plants in the poorly drained topsoils than in the freely drairned soils
upsiope,

29) in relatively atywical catchments where poorly drained soils occupy at
least.15,to 20% of the catchment, the sediment is enriched in Co and Mn compared
Lo concentrations in the majority of soils in the catchment, asscciated with Mn

and Fo 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 1s suggested thatincipient podzolisation (movement of trace elements
down the profile in complex form with organic compognds 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.tﬁé-latter range from 17.2, 12.8 p.p.m. and 3,2% to 34.4,
40.0 p.p.m. and 5.0% reSpéctively).ji

32) As a result of variatiéns in trace element distvibution between soil
series, the relati&e iﬁportance of a given soil within a catchment influences

" the interpretation of stream sediment data in aveas 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. Ma 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-.it. 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 arcas of similar soils in the Lake
District and the Southeru Uplands of Scotland.

B, The Denbich 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 principal scil series. However, Cu concentrations are similar In topsoils

and sediments,
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36) The heavy enrichment of Co, Mn and Fe in 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 pfima?ily the result of
higher rainfall above 300 metres and the extreme acidity of the organic Moor-
land ;bils (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 Uplaﬁd and Moorland, ranging from 16, 13, 170 p.p.m,
and 3,2% to 37, 78, 1000 p.p.m. and 5.6% respectively. Mowever, concentrations.
of Co, Cu, Mn and Fe in topsoils range from 6, 11, 40 p.p.m, and 2,7% to 28,

90, 190 p.p.m, and 13.27% 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 depthqubthe 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 commonly enriched in the sufface 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 peak, 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 p.p.m., and15% less than 5 p.p.m, in the dry matter) and
sometimes assuciﬂteé 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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4£2) Concentrations of Cu and Mn in grasses and Fe in wixed herbage are
slightly lower on the Moorland (vanging from 3.0, 30 and 30 p.p.m. to 13, 1600
and 3380 p.p.nm. respectivély‘in July and 2, 60 and 50 p;p.m. to 15, 840 and 630
p.p.ut. in September) than on the Upland, pessibly due to ;pecies differences
and low "availability" in Moorland soils,

43) Particulérly 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, Cu 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 polluftion, are

(a) parent material
(b) soil drainage
(c) topography
’ (d) soil Eh and pll
(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 placts,such as scil pH,
Eh, form of ions in the soil soluticn, awount and type of soil organic matier,
vooting depth, seasonal effects, maturity, species differences and fertilizer
applications,

a

48) Soil maps may be uvsed as an aid to intevpretaticn of streom scdinment data

as they' outline features of thc sccondary envicoument prevailing wiibin an avea,
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49) The overall interpretation of stream sediment data for Mn and Co and
other more mobile clements 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 &rained_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, howevef, is not relaééd to soil drainage status but rather to soil organic
matter contents and the total soil Cu contents.

51) It was found that rushes (Juncus spp.) and heather (Calluna vulgaris)

consistently contain higher concentrations of Mn than adjacent grasses.

52) Concentrations of Cu, Mﬁ and Fe are generally lower in herbage in early
to mid summer than in autumn, ThisAfactor may have én 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 summer.,

B. Greerthouse Experiments

53) Céncentrations of Cu and Mn in pefennial ryegrass were in some cases
related at the beginning of the trials to soil préperties measured during thg
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, corresponding in some cases to results obtained for herbage samples from

the Ficld,
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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 coincentrations in herbsge 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 Techﬁiéues

58) ConcentrationsAof 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 0.0SM.EDIA gives a good overall estimate of the "availability" of

Cu éndrMn to ﬁerbage, but it is prefefable to éarry.out comparitive extractions
with acid and ncutral NH4Ac 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
experinents, None of the extracténts used remove amcunts of Co from soils
related to Co contents of herbage. It is concluded that EDTA exiractions, on
the whole, give a useful estimate of "available' Cu, and sometires Ma (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, RECOMMENDATIONS 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 fdrms 1n 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
coils, 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-cof Eﬁe present study serve to reinforce an earlier
suggestion (Webb and Thofﬁton, 1970)3that stream sediment reconnaissance may
be combined with soil survey investigations and rapid visual assessment, to

compile scme form of atlas of secondary environmental features which may

influence the agricultural interpretation of strcam sediment data,
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APPENDIX 1,

DETERMINATION OF COBALT IN HFRBACE (Leen, pers,comm.1970)

Cobalt is normally present in herbage at concentrations ranging from
0.05 to 0.3 p.p.m, (Whitehead,‘l96éj. 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) Soiubilisation of the Sample,

Five or, where possible, 10g. samples of dried, ground herbage were
digested as described ih‘Chapter 11, page 12.. The residue was leached with
10 mls, of M,HCL énd filtered throuéﬂ Whatman No,42 filter paper into a clean
pyrex tube,

(ii) Solvent Extraction of Cobalt

Ammonium tetramethylene pyrrolidine dithiocarbomate (APDC) complexes
with more than’thirtf‘elements over a wide pH raﬁge and most of these cemplexes
can be extracted into suitagle organic solvents such as methyl isobutyl ketone
and chlorcform. 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-ATDC 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 mls. of de-ionised water were added, followed by
3 mls. 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 with sodium acetate buffer solution which had been previously stripped
of trace metals with APDC, The separvating flask was chaken for at least two
minutes‘ahd left to stand for five minutes., 10 mls of AR chloroform weve

: * - an At vrae 1 i .
added and the [lask shaken For at least btwo miuuvbes before it was 5efL to
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stand to allow the phases to separate. The lower chloroform layer was
run into a 100 wnl, conical flask, Extractions were repeated using 1 ml,
of 1% APDC solution andAs 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 waé leached with 5 mls.

of 2M.HCL over a steam~bath, allowed to cool and 5 mls, of AR iso-propanol

(iii) Analysis by Atomic Absorption Spectrophotometry.

The instrument used was the double-beam Perkin-Elmer Model 303; the

following parameters were used:

Co resonance line : 240,7 nm,
s1it width : 4

Alr flow-rate : 6
Acetylene flov-rate : 3.5

Lamp current : 35 mA
Scale expansion : X10

A series of standards containing 0.02, 0.05, 0,075, 0,1 and 0,25 mé.ﬁﬂl.
Co were made up in 1 : 1 isopropanol/2M.HCL 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-propanol/2M . HC1 solution

was used as a blank,



APPENDIX 2.
Soil Profile Data from Catchment 2, Devonian Slates East of Dartmoor

Depth (cms) Mottles Colour Eh(mv) - pH Total Metal Cortent (ppm) EDTA-Extractable Loss on
and , Metal Content (ppm) Ignition
Horizon (%) Co Cu Fe(%) Mn Co - Cu Mn (%)
(a) Moderately Drained Dartington Series on the North Side of the Stream '

0-10 ) - 0 5YRu /4 +2.1 6.1 36.0 4u.8 6.9 892 9.0 13.6 780 19.6
10-20 ) A 0] BYR4/6  +2.1° 6.1 31.2 30.0- 7.6 928 11.3 11.0 865 10.4
20~-40 ) 0 " BYR4/B6  +2.3 5.8 30.4 30.8 7.6 560 = 10.9 . 12.1 420 8.9
40-60 ) 0 . BYRW/B  +2.3 5.8 37.6 34.8 8.1 692  10.6 12.4 531 8.2
60-80 ) B. 0 5YR4/6  +2.0 5.9 35.2 35.6 7.5 . 968 C 9.4 11.9 . B54 8.2
80-100 ) 0 5YR4/6  +2.0 5.9 Sh .4 37.2 7.9 1140 12.8 11.6 896 .8.8
100-120 ) 0] 5YR4/6  +2.0 5.9 u48.0 34,8 7.5 1080 _ 11.5 10.9 - 942 7.5.
125-135 C 0 5YR4/6  +1.8 6.1 u45.0 32.0 8.4 1668 8.6 9.5 8&3 5.7
Slate R - - - - 56.0 32.0 9.2 1968 - ‘ - - -
(bl Méc/iéfa%;ly Drained High Week Series on the South Side of the Stream

0-10 ) 0 7.5YRE/4 +2.1 6.2 32.8 - 28.8 5.2 892 7.5 9.4 688 12.3
10-20 ) A 0 7.5YRE/4 +2.1 6.2 28.8 34,0 5.2 824 - 9.0 12.6 670 9.9
20-30 ) 0 7.5Y¥R5/4 42,1 6.2 21.6 27.2 5.2 312 6.3 8.7 220 7.4
30-50 ) B 0 7.5YR5/4  +2.86 5.3 24,0 24.8 5.0 420 6.2 7.6 212 6.9
50-70 ) -0 7.5YR5/4  +2.6 5.3 28.0 27.2 5.0 ~ 560 5.9 7.5 205 7.1
70-100 C 0 7.5¥YR5/6  +2.2 5.4 34.u4 30.0 5.7 412 4.6 7.2 176 7.5
Slate R - - - - 36.4 36.0 5.2 772 - - - -
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