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Abstract

High concentrations of metals in organic matter can inhibit decomposition and limit nutrient availability in ecosystems,
but the long-term fate of metals bound to forest litter is poorly understood. Controlled experiments indicate that during
the first few years of litter decay, Al, Fe, Pb, and other metals that form stable complexes with organic matter are naturally
enriched by several hundred percent as carbon is oxidized. The transformation of fresh litter to humus takes decades, how-
ever, such that current datasets describing the accumulation and release of metals in decomposing organic matter are time-
scale limited. Here we use atmospheric 210Pb to quantify the fate of metals in canopy-derived litter during burial and decay in
coniferous forests in New England and Norway where decomposition rates are slow and physical soil mixing is minimal. We
measure 210Pb inventories in the O horizon and mineral soil and calculate a 60–630 year timescale for the production of
mobile organo-metallic colloids from the decomposition of fresh forest detritus. This production rate is slowest at our highest
elevation (�1000 m) and highest latitude sites (>63�N) where decomposition rates are expected to be low.

We calculate soil layer ages by assuming a constant supply of atmospheric 210Pb and find that they are consistent with the dis-
tribution of geochemical tracers from weapons fallout, air pollution, and a direct 207Pb application at one site. By quantifying a
gradient of organic matter ages with depth in the O horizon, we describe the accumulation and loss of metals in the soil profile as
organic matter transforms from fresh litter to humus. While decomposition experiments predict that Al and Fe concentrations
increase during the initial few years of decay, we show here that these metals continue to accumulate in humus for decades, and
that enrichment occurs at a rate higher than can be explained by quantitative retention during decomposition alone. Acid extract-
able Al and Fe concentrations are higher in the humus layer of the O horizon than in the mineral soil immediately beneath this
layer: it is therefore unlikely that physical soil mixing introduces significant Al and Fe to humus. This continuous enrichment of
Al and Fe over time may best be explained by the recent suggestion that metals are mined from deeper horizons and brought into
the O horizon via mycorrhizal plants. In sharp contrast to Al and Fe, we find that Mn concentrations in decomposing litter layers
decrease exponentially with age, presumably because of leaching or rapid uptake, which may explain the low levels of acid extract-
able Mn in the mineral soil. This study quantifies how metals are enriched and lost in decomposing organic matter over a longer
timescale than previous studies have been able to characterize. We also put new limits on the rate at which metals in litter become
mobile organo-metallic complexes that can migrate to deeper soil horizons or surface waters.
� 2011 Elsevier Ltd. All rights reserved.
0016-7037/$ - see front matter � 2011 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

High concentrations of trace (e.g., Pb, Cu, Cd, Hg) and
major (e.g., Al, Fe) metals in organic matter can inhibit
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microbial processes responsible for decomposition and
directly limit nutrient availability in soils (Brynhildsen
and Rosswall, 1997; Giesler et al., 2002; Chaperon and
Sauve, 2007). The organic (O) horizons of temperate and
boreal forests that comprise nearly 70% of the world’s ter-
restrial surface detritus (Schlesinger, 1977) receive high
loadings of metals from anthropogenic and natural pro-
cesses (Galloway et al., 1982; Berg et al., 1994). Organic
matter decomposition regulates the cycling of nutrients in
ecosystems, influences the amount of carbon in the atmo-
sphere, and plays an important role in chemical weathering
processes (Drever, 1992; Davidson and Janssens, 2006).
Despite the impact that metals can have on biogeochemical
processes in the O horizon, and the potential of these layers
to be a long-term source of metals to deeper soil horizons
and surface waters, we lack a quantitative understanding
of how metals behave in decomposing terrestrial organic
matter (Brandtberg and Simonsson, 2003; Li et al., 2008).

After metals are delivered to the soil surface by litterfall,
atmospheric deposition, and root uptake, the speciation,
residence time, and ultimate fate of these elements have
been difficult to describe. Litterbag experiments have shown
that the Al and Fe content of organic matter increases with
decomposition as mass is lost via oxidation and stable com-
plexes are formed presumably between the metals and or-
ganic matter functional groups (Rustad, 1994). Other
elements such as Ca and P decrease dramatically in decom-
posing litter from either leaching or recirculation. The
decomposition of organic matter may drive fundamental
shifts in metal speciation on timescales of just a few years
(Schroth et al., 2008). Although useful, decomposition
experiments only provide us with a short (<5 years) window
of observation on the behavior of metals during organic
matter decay; we lack a method for evaluating the long-
term fate of elements that accumulate in more recalcitrant
organic matter that could be stable for decades.

Natural and anthropogenic radioactive fallout from the
atmosphere are used extensively to date peat and sedimen-
tary deposits (Appleby, 2008) and to quantify short-term
(<100 years) transport processes in fluvial, shallow shelf
and deep marine environments (Robbins et al., 1977;
Bonniwell et al., 1996; Wallbrink et al., 1999). Atmospheri-
cally-deposited 210Pb, weapons-derived 241Am and 207Bi,
and cosmogenic 7Be have a strong affinity for organic matter
functional groups (Kim et al., 1997; Sauve et al., 2000;
Artinger et al., 2002). These tracers along with other pollu-
tants offer a potentially powerful tool for studying poorly
understood biogeochemical processes on the short but extre-
mely pertinent timescale of 1–100 years (Kaste et al., 2007;
Klaminder and Yoo, 2008; Dixon et al., 2009). To date, how-
ever, their use in soil environments has been limited, presum-
ably because of potential complications with preferential
flow paths and physical mixing that would complicate stea-
dy-state and initial condition assumptions necessary for
absolute dating models.

Here we apply natural and pollutant atmospheric fallout
to trace canopy-derived litter in well-drained forested soil
profiles where physical soil mixing rates are relatively low.
We use cosmogenic 7Be (T1/2 = 53 days) to constrain the
maximum depth to which particle-reactive atoms penetrate
in soil during intense precipitation events, and test a constant
rate of supply (CRS) 210Pb (T1/2 = 22 years) model for dating
O horizon layers using depth-profiles of pollutant Pb, weap-
ons fallout radionuclides 241Am and 207Bi, and a direct 207Pb
application at one site. We use high-resolution concentra-
tion-depth distributions of metals and radionuclides in the
whole profile to evaluate sources of elements to the O hori-
zon. Using CRS 210Pb chronology we quantify the enrich-
ment and loss of Al, Fe, and Mn in organic matter as
freshly deposited forest detritus is buried and decomposes
to humus over the timescale of 1–100 years. Our work shows
how organic matter can naturally accumulate Fe and Al for
decades through both decomposition and below-ground cir-
culation. In contrast, our results suggest that biological de-
mand and/or dissolved transport can strip Mn from
decomposing litter over the course of just a few years. Our
steady-state 210Pb transport model puts new limits on the rate
at which strongly hydrolyzing metals in litter can become mo-
bile organo-metallic complexes that migrate to deeper soil
horizons or possibly to surface waters.

2. METHODS

2.1. Site locations and sampling description

Field sites were selected to span a range of variables that
could potentially control organic matter decomposition and
metal dynamics, including elevation, latitude, and canopy
type (Berg, 2000; Schroth et al., 2008). We quantitatively
sampled the soil profiles of several Spodosols in undis-
turbed areas throughout Norway and in Vermont, New
Hampshire and Maine, USA to measure the vertical distri-
bution of organic matter, metals, and fallout nuclides
(Table 1). These regions were recently glaciated and the
soils at our sites are acidic, developing primarily on till
dominated by silicate minerals. We only sampled on gentle
slopes and used maps and field observations to avoid areas
that had been logged or developed in recent decades, and
the three sites in the US are on protected land. The presence
of sharp and distinct soil horizons, particularly between the
O horizon and the mineral soil indicates that the biogeo-
chemical processes of decomposition and leaching outpace
physical soil mixing from organisms or freeze–thaw cycles
(Kaste et al., 2007). Soils in our sampling areas are sandy
and very well drained, having clear eluviation and illuvia-
tion horizons in the weathering profile, and appear to be
neither eroding or aggrading on short (decades) timescales.
We specifically chose sites where there was no evidence of
groundwater upwelling or emergence in any of the profiles,
such that we assume that water flows from the surface
downwards rather than laterally or upwards.

At each profile, we extracted a sample of the entire �8–
12-cm O horizon by cutting around and beneath a
15 cm � 15 cm wooden template which we subsequently
sliced into �1–2 cm sections with a stainless-steel knife.
All live vegetation, organic matter, and roots that were in
the layer or crossed the layer were cut and included with
the sample. At least three bulk (not sectioned) O horizons
were extracted to evaluate variability in the O horizon mass
at each site (r = standard deviation in Table 1). After the O



Table 1
Sampling locations. Range given for O horizon mass and OM content is 2r. Sites are described in more detail elsewhere in Miller and
Friedland (1994), Kaste et al. (2003), Donisa et al. (2005), Steinnes et al. (2005), and Kaste et al. (2007). Sites 1 and 2 are at relatively high
elevation (�1000 m) compared with the other sites (<250 m), but all soils were sampled on gentle (<15 degree slopes) as described in Section 2.

Site Lat/long Elevation (m) Vegetation O horizon mass (kg m�2)

1.Camels Hump, VT 44�190N; 72�530W 975 Red Spruce/Balsam Fir/Yellow Birch 10–15
2. Moosilauke, NH 44�00N; 71�500W 960 Red Spruce/Yellow Birch/Hemlock 9–14
3. Ducktrap, ME 44�160N; 69�10W 40 Spruce/Birch/Hemlock Mix 6–8
4. Mosvik, Norway 63�480N; 10�490E 230 Norway Spruce 6–8
5. Evje, Norway 58�320N; 7�440E 190 Scots Pine 6–7
6. Birkenes, Norway 58�220N; 8�150E 120 Norway Spruce 6–8
7. Amli, Norway 58�420N; 8�210E 180 Scots Pine 5–7
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horizon was removed, we excavated a pit to approximately
1 m, and pressed acid-washed plastic centrifuge tubes
(50 ml) into a cleaned face. We sampled mineral soil in trip-
licate every 4 cm from the base of the O horizon down to
the C horizon.

2.2. Radionuclide measurements

We used high-purity intrinsic Ge detectors (Canberra
Broad Energy) with ultra-low background hardware and
copper-lined lead shields to measure radionuclide concen-
trations in soil samples. Organic and mineral soil samples
were air dried and packed into plastic containers for gam-
ma analysis. We determined detector efficiency for U-series
radionuclides in different counting geometries using certi-
fied uranium ore (Canadian Certified Reference Materials
Project BL-5 U ore) and used a mixed radionuclide solution
(Isotope Products) for efficiency calibration at other ener-
gies. Corrections are made for self-attenuation of the
46 keV 210Pb photon using standard techniques (Cutshall
et al., 1983), and the 186 keV 226Ra line was corrected for
the 235U interference by simultaneously measuring the ura-
nium content of the sample at 63 keV (Dowdall et al., 2004;
Kaste et al., 2006b). Samples were measured for weapons-
derived fallout radionuclides 241Am and 207Bi by quantify-
ing their gamma emissions at 59.5 and 569.7 keV, respec-
tively, and cosmogenic 7Be was measured via its
477.6 keV gamma emission. Radionuclide data are reported
in units of concentration per mass (Bq kg�1) and amounts
per area (Bq m�2) using the bulk density measurements of
each horizon. Typical one-sigma analytical errors for the
210Pb and 226Ra activity determinations are 3% and 6%,
respectively, and 5–10% for 7Be and the weapons-derived
nuclides (depending on actual counts collected). In Table
2, 210Pbex inventory uncertainties are determined by propa-
gating the actual one-sigma counting errors on the 210Pb
and 226Ra analyses and a conservative estimate of 10%
uncertainty on the bulk density measurements. Further de-
tails on our treatment of the uncertainties are given below
and in the Appendix.

In order to estimate the contribution of mineral-derived
elements in O horizon layers, we quantify Th in samples by
simultaneously measuring its granddaughter radioisotopes
212Pb (239 keV), 208Tl (583 keV), and 228Ac (911 keV).
Detector efficiency for these nuclides was calculated using
a Thorium standard reference material (Canadian Certified
Reference Materials Project Dl-1a). Because the use of
232Th series isotopes to measure total Th assumes radioac-
tive equilibrium, we re-measured Th on a subset of samples
after 5 years of storage in a closed-system. Changes in activ-
ity of the 232Th series nuclides would be measurable over
this timeframe if disequilibrium were significant, since the
longest half-life of the nuclides beneath 232Th is 5.8 years
(228Ra). However, measured activities of the 232Th series
nuclides before and after storage were not appreciable
(<15%), so we maintain that the use of these short-lived
daughter isotopes to quantify relative changes of Th within
a soil profile is reasonable. Detection limits for Th using
this technique are a function of the time counted, mass
counted, and variability of the Compton background near
the photopeak energies for 212Pb, 228Ra, and 228Ac. Given
our typical counting configuration of 16 g of soil counted
for 100 ks, 3r of the background gives a detection limit of
�0.2 mg kg�1 Th.

2.3. Determination of organic matter content and acid-

extractable metals

In the laboratory, we air-dried and weighed the samples,
and calculated soil dry bulk density by dividing the mass
collected by the volume extracted. We utilized a hot nitric
acid extraction to quantify an operationally-defined
“labile” metal content, which would be the metals that
are incorporated in organic matter and associated with sec-
ondary mineral phases. Nitric-acid extractable (NAE, here-
after) metals are determined by ashing 2 g of oven-dried
(105 �C) soil at 475 �C for 8 h, and mass loss on ignition
during this process was used to calculate percent organic
matter (OM). After ignition, the ash is dissolved in boiling
8 M HNO3 (1 part H2O, 1 part concentrated nitric acid) for
20 min in a 30 ml silica crucible. Extracts are filtered (What-
man #41) and diluted to 50 ml with deionized water. Major
(Al, Ca, Fe, K, Mg, Mn, Na) and trace elements (Cd, Cu,
Pb, Zn) are measured on the dilute extracts using ICP-
OES. Recoveries of Al, Fe, Mn, and Pb from a Pine Nee-
dles reference material (High Purity Standards) were always
within 15% of the certified values using this method. Con-
centrations of NAE Al, Fe, Mn, and Pb are expressed in
amount metal per air-dry mass soil (mg kg�1).

2.4. Recovery of an enriched 207Pb tracer application

We use the results of a previous study (Kaste et al.,
2003) as an independent check on the 210Pb dating model



Table 2
Density, organic matter content (%OM measured by percent mass loss on ignition of an oven-dried sample), NAE Pb, 210Pbex, and 241Am easurements in soil layers. CRS ages and uncertainties
are calculated by propagating the measurement errors in the 210Pbex inventories and are relative to the sampling year (see Appendix fo details on uncertainty determination). 241Am detection
limits (uncertainty) is typically 0.4 Bq kg�1 and 2 mg kg�1 for NAE Pb. 210Pb measurements for Sites 1 and 2 were made during previ s studies (�Kaste et al., 2003 and �Kaste et al., 2007).

Depth increment
(cm)

Horizon Thickness
(cm)

Density
(g cm�3)

OM (%) NAE Pb
(mg kg�1)

241Am
(Bq kg�1)

210Pbex

(Bq kg�1)

241Am
(Bq m�2)

210Pbex

(Bq m�2)
CRS age rt

Camels Hump, VT�

0–4 Oi 4 0.07 95 42 nd 980 nd 2744 ± 271 1995–2001 <1
4–8 Oe 4 0.13 93 155 0.9 1035 4.7 5382 ± 540 1979–1995 1
8–12 Oa 4 0.15 90 252 5.2 770 31 4620 ± 461 1952–1979 2
12–17 Oa 5 0.21 81 72 1.9 260 20 2730 ± 273 1904–1952 3
17–19 B 2 0.53 22 25 nd 75 nd 795 ± 127 <1904 4
19–21 B 2 0.64 17 11 nd nd nd Nd

Ducktrap, ME

0–1 Oi 1 0.08 97.6 2.7 nd 354 nd 282 ± 28 2005–2006 <1
1–2.5 Oe 1.5 0.08 96.0 11.2 nd 751 nd 891 ± 89 2000–2005 1
2.5–4 Oe 1.5 0.09 95.9 17.2 nd 743 nd 964 ± 96 1995–2000 1
4–6 Oa 2 0.08 95.5 45.4 0.39 709 1 1156 ± 116 1987–1995 1
6–8 Oa 2 0.10 92.3 105.6 3 544 6 1044 ± 104 1977–1987 2
8–10 Oa 2 0.12 76.9 92.2 3.2 343 8 850 ± 85 1967–1977 3
10–13 B 3 0.58 14.3 20.9 0.5 76.5 9 1337 ± 214 <1967 4
13–17 B 4 0.67 10.3 14.6 0.4 23 11 616 ± 98
17–20 B 4 0.90 12.1 7.8 nd 6 216 ± 97

Moosilauke, NH�

0–1 Oi 1 0.07 96.8 8.0 nd 677 474 ± 47 2002–2004 <1
1–4.5 Oe 3.5 0.08 95.7 61.9 1.2 842 3 2358 ± 236 1992–2002 1
4.5–6.5 Oa 2 0.14 93.0 134.8 3 850 8 2380 ± 238 1976–1992 1
6.5–9 Oa 2.5 0.14 87.3 203.6 6 482 21 1687 ± 169 1958–1976 2
9–11 Oa 2 0.16 76.5 111.4 2.9 240 9 768 ± 77 1944–1958 3
11–13.5 E 2.5 0.62 10.5 95.8 nd 75 0 1163 ± 186 <1944 3
13.5–16 E 2.5 0.58 3.9 13.1 nd 12 0 174 ± 33
16–18 E 2 0.72 4.5 5.8 nd 0 0
18–20 Bh 2 0.65 19.8 7.4 nd 5 65 ± 29

Evje, Norway

0–1 Oi 1 0.06 97.9 14.1 nd 560 nd 363 ± 35 2000–2004 <1
1–3 Oe 2 0.05 97.6 30.1 nd 699 nd 711 ± 71 1991–2000 1

(continued on next page)
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Table 2 (continued)

Depth increment
(cm)

Horizon Thickness
(cm)

Density
(g cm�3)

OM (%) NAE Pb
(mg kg�1)

241Am
(Bq kg�1)

210Pbex

(Bq kg�1)
Am
q m�2)

210Pbex

(Bq m�2)
CRS age rt

3–4.5 Oa 1.5 0.10 96.0 166.7 1.24 520 802 ± 80 1976–1991 2
4.5–7 Oa 2.5 0.12 77.9 1040.9 6.58 346 1003 ± 100 1934–1976 2
7–10 A 3 0.40 19.6 64.5 nd 31 372 ± 60 <1934 3
10–14 E 4 0.70 1.8 4.5 nd nd nd
14–18 B 4 0.80 9.5 28.9 nd nd nd

Amli, Norway

0–1.5 Oi 1.5 0.06 97.7 8.8 0 521 489 ± 48 2002–2004 <1
1.5–3 Oe 1.5 0.06 97.6 34.0 0 751 708 ± 70 1998–2002 1
3–4 Oe 1 0.14 88.6 59.4 1 781 1097 ± 109 1991–1998 1
4–5 Oe 1 0.19 93.8 136.5 1.7 558 1052 ± 105 1983–1991 1
5–7 Oa 2 0.13 88.8 135.5 4.35 402 1077 ± 107 1971–1983 2
7–8.5 A 1.5 0.35 26.6 76.9 1.75 119 627 ± 64 <1971 3
8.5–12.5 Bs 4 0.70 11.0 41.1 1.6 60 1680 ± 269
12.5–16.5 Bs 4 0.90 5.4 22.8 0 6 216 ± 99
16.5–20 Bs 3 0.90 5.5 9.4 0 0 0

Birkenes, Norway

0–1.25 Oi 1.25 0.06 95.0 26.2 nd 1274 987 ± 98 1998–2004 <1
1.25–2.5 Oe 1.25 0.07 94.0 83.6 nd 1183 990 ± 99 1990–1998 1
2.5–4 Oe 1.5 0.08 90.0 205.6 nd 1076 1348 ± 133 1976–1990 2
4–5.5 Oa 1.5 0.09 78.0 241.2 4.04 561 743 ± 74 1965–1976 2
5.5–6.5 Oa 1 0.26 58.0 147.4 2.87 236 625 ± 62 1950–1965 3
6.5–8 A 1.5 0.33 34.0 82.2 1.4 66 324 ± 52 <1950 4
8–10 A2 2 0.65 15.0 70.5 0.1 50 650 ± 104
10–15 E 5 0.85 2.0 17.4 nd 2 85 ± 43
15–18 E/B 3 0.85 3.0 23.2 nd nd 0

Mosvik, Norway

0–1.5 Oi 1.5 0.06 96.8 1.9 nd 580 516 ± 51 1999–2004 <1
1.5–2.75 Oe 1.25 0.13 96.8 8.2 nd 583 939 ± 83 1987–1999 1
2.75–3.75 Oe 1 0.14 95.9 24.4 2 468 636 ± 64 1975–1987 2
3.75–5.25 Oa 1.25 0.16 95.4 21.8 5.5 344 696 ± 70 1954–1975 2
5.25–6.0 Oa 0.75 0.16 91.3 20.5 4.43 225 268 ± 27 1940–1954 3
6–7.1 Oa 1.1 0.28 59.0 19.4 nd 92 283 ± 37 1912–1940 4
7.1–11 A 3.9 0.4 20.4 13.7 nd 13 203 ± 51 <1912 4
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Fig. 1. 210Pb (s) and 226Ra (�) with depth at Ducktrap. Analytical
errors are smaller than the symbols.
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presented in this paper at the Camels Hump. In that study,
an enriched 207Pb dose (92%) was applied to the soil surface
in the coniferous forest zone at Camels Hump, VT in 1984.
This area remained undisturbed until it was carefully sam-
pled in 2001. The layer of soil at 4–8 cm depth had the
majority the 207Pb enrichment, and this layer was overlain
by a section of buried flagging that was originally put on
the surface in 1984. We treat this enriched 207Pb layer to
be the surface that was exposed to the dose in 1984 and sub-
sequently buried by 17 years of litter inputs; the known soil
layer age is used to evaluate the dating model applied in the
current study. The quantitative recovery of the 207Pb appli-
cation confirms that soil erosion and sediment redistribu-
tion over the course of a few decades is minimal in this
type of environment. Details on the radiogenic Pb isotopic
measurements and recovery are given in Kaste et al. (2003).

3. RESULTS

3.1. Depth-profiles of atmospheric fallout in soils

3.1.1. Excess 210Pb and NAE lead

The magnitude of 210Pb/226Ra disequilibrium in O hori-
zon layers is large, indicating that virtually all of the 210Pb
in the O horizon is from the atmosphere. A high-resolution
concentration-depth profile of 210Pb and 226Ra in a plot
from the Ducktrap site is given to show the relative contri-
bution of in-situ produced 210Pb to total 210Pb (Fig. 1) typ-
ical of profiles sampled in this study. 210Pb in the O horizon
was consistently one to two orders of magnitude higher
than 226Ra. In the upper mineral soil, the two nuclides be-
gin to approach similar magnitudes; beneath �20-cm depth
all of the 210Pb activity can be attributed to in situ produc-
tion by 226Ra (via 222Rn). At depths below 25 cm
210Pb/226Ra generally varies slightly around a mean of
0.86–0.94 (data not shown), which indicates that 6–14%
of the 222Rn produced in soils diffuses into the atmosphere.
In order to simplify our presentation and calculations, in
this work, concentrations (Bq kg�1) and amounts (Bq m�2)
of “excess” 210Pb (210Pbex) are calculated by subtracting
226Ra activity from the total amount of 210Pb activity.
While this assumes that 222Rn is in entirely in equilibrium



Fig. 2. Depth-profiles of 210Pbex (s), and nitric-extractable Pb (d), left and dating model results (center and right panes). In the center pane,
the 210Pbex is normalized to (Al + Fe), and we apply a constant initial ratio model (CIR) to determine time, which assumes that the Al and Fe
correct for litter decomposition and that radioactive decay governs the ratio. On the right side, a CRS dating model is applied to the raw
210Pbex inventories measured in each horizon. The gray bar delineates the horizon in which the total extractable Pb was highest, which likely
represents organic matter exposed during 1968–1978 at Moosilauke, and 1950–1965 at the Norway sites. The depth ranges given on the
210Pbex points are laterally continuous.
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with 226Ra, the error introduced into our reported 210Pbex

values from this simplification will be very small because
of the large difference between 210Pb and 226Ra. Other more
detailed studies that account for radon diffusion have dem-
onstrated that this assumption introduces a relatively small
error (<15%) to inventory calculations even in non-organic
soils (Nozaki et al., 1978). We propagate the errors
associated with subtracting 226Ra from 210Pb using stan-
dard techniques (Appleby, 2001) discussed in detail in the
Appendix.

Amounts of 210Pbex in soil layers and horizons are given
in Tables 2 and 3, respectively, and the data from Moos-
ilauke, Birkenes, Evje, and Camels Hump are plotted in
the left panels of Figs. 2 and 3. In general, 65–95% of the
210Pbex inventory is in the O horizon. Excess 210Pb within
the O horizon has a distinctive distribution with depth,



a b c
Fig. 3. Depth-profiles of 210Pbex and 210Pbex-derived ages of 4 organic layers at Camels Hump (a). Depth-profiles of weapons-derived fallout
nuclides 207Bi and 241Am (b), and nitric-extractable Pb and 207/206Pb in the same layers at Camels Hump. The depth ranges given for the
210Pbex points are laterally continuous across figures (a)–(c). This site received an enriched dose of 207Pb at the surface in 1984, and the
radiogenic 207/206Pb and 210Pb measurements have been reported previously (Kaste et al., 2003).

Fig. 4. Depth-profiles of organic matter (N), and nitric-extractable Al ( ), Fe ( ), and Mn (d) at Moosilauke, Ducktrap, Mosvik, and Evje.
All data used in these figures are given in the Electronic Annex.
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where there is often a subsurface concentration maximum
between 2 and 4 cm beneath the surface. In some cases
210Pbex concentrations appear nearly homogenous in the
upper 6-cm of the organic horizon, varying by �20%.
It is important to note that this isotopic system of Pb is
completely disconnected from the legacy of pollutant Pb in
the environment and thus is useful even in areas that
are largely free of atmospheric contamination. 210Pb is



1650 J.M. Kaste et al. / Geochimica et Cosmochimica Acta 75 (2011) 1642–1661
naturally present in the troposphere because of the decay of
222Rn gas produced from the decay of 226Ra. The amount
of 210Pb in air (Bq/m3) at a particular location varies sea-
sonally at mid to high latitudes by a factor of approxi-
mately 2, reaching a minimum in the spring/summer
because of vertical mixing and washout (Sheets and
Lawrence, 1999). While the seasonal variations of 210Pb
in air are significant, over timescales of years to decades,
the quantity of 210Pb in surface air and deposition rates
(Bq m�2) at a given location are relatively constant in the
absence of major systematic changes in precipitation. The
nearly constant flux of 210Pb to the earth’s surface, and
its affinity to adsorb to particles has made it a valuable tool
for quantifying the accumulation of organic and inorganic
sediments in peatlands, lakes, and marine environments
(Krishnaswami et al., 1971; Appleby, 2008).

The depth-distribution of NAE Pb is similar at all 7 of
the sites we sampled in this study, and is controlled by
the temporal distribution of pollutant Pb fallout (Table 2,
and Figs. 2 and 3). In general, the upper 1–2 cm of the O
horizon, which represents relatively recent litter has low
NAE Pb contents, commonly 1–10 mg kg�1 (Fig. 2 left pa-
nel and Table 2). Beneath the fresh litter, there is a sharp
concentration maxima where the NAE Pb content can
reach >1000 mg kg�1 at 6 to 8-cm depth, and the Pb con-
tent decreases beneath this maxima. Detailed isotopic stud-
ies have demonstrated that nearly all of the lead in the
organic horizons of the northeastern US and Norway is
atmospherically-derived pollutant lead (Kaste et al., 2003;
Steinnes et al., 2005), and deposition rates peaked in the
northeastern United States between 1965 and 1975 and
slightly earlier in Northern Europe (Shotyk et al., 2003;
Cloy et al., 2008).

3.1.2. Cosmogenic 7Be

Complete cosmogenic 7Be (T1/2 = 53 days) concentra-
tion-depth data are available for a subset of our profiles
that we were able to analyze within 90 days of collection,
before significant radioactive decay. Depth-profiles of 7Be
at Ducktrap and Birkenes are given in Appendix Fig. S1.
Beryllium-7 is formed primarily in the stratosphere by cos-
mic-ray spallation of oxygen and nitrogen. Because of its
source term and its short half-life, delivery to the earth’s
surface is strongest during convective storms and during
the summer months which favor mixing between the upper
and lower troposphere (Lal et al., 1958; Baskaran, 1995).
We use this nuclide to put constraints on the maximum
penetration depth of meteorically-delivered particle reactive
elements in soils possible during a single storm. 7Be is
highly concentrated in the fresh forest litter (upper
1–2 cm of soil) at all sites, which is consistent with other
studies (Wallbrink and Murray, 1996; Kaste et al., 2007).
While we show data for two complete profiles, in all mea-
sured samples, greater than 85% of the 7Be was in the upper
2-cm of soil, and 7Be was never detectable (<1 Bq kg�1) be-
neath 5-cm.

3.1.3. Weapons-derived fallout

Depth-profiles of weapons fallout isotopes 241Am and
207Bi are given for the Camels Hump Site in Fig. 3b and
all of the 241Am data are given in Table 2. The weapons-
fallout concentration maxima traces organic matter that
was exposed during early 1960s (Cambray et al., 1989).
Similar to Pb, these atoms hydrolyze even in acidic soils
and thus strongly adsorb to mineral or organic phases
(Kim et al., 1997; Artinger et al., 2002). Because the input
functions for gasoline-derived Pb and the weapons fallout
can be treated essentially as single short-duration events,
and the atoms are sequestered by forest vegetation (Russell
et al., 1981), the distributions are similar in the soil profiles:
a contaminated layer at depth is overlain by fresh “clean”

litter, and underlain by even older material that pre-dates
the era of peak atmospheric contamination. However, pol-
lutant Pb and weapons-derived nuclides were introduced
into the atmosphere over different time intervals, and thus
provide independent constraints of forest litter “exposure”

age.

3.2. Organic matter and geogenic elements in the soil profile

3.2.1. OM and NAE Al, Mn, and Fe

The distribution of OM in all profiles is given in Table 2.
Nitric-acid extractable Al, Mn, and Fe concentrations in
the Mooilauke, Ducktrap, Mosvik, and Evje profiles are
plotted in Fig. 4 and tabulated in Appendix Table S1 and
all metal pools are given in Table 4. The sharp boundary
between the O horizon and the mineral soil can be seen in
the organic matter content profiles (Table 2, Fig. 4, and
Appendix Table S1). We consistently observed strong gra-
dients of NAE Al, Fe, and Mn concentrations in the soil
profiles. Nitric-acid extractable Al and Fe have very similar
concentrations and depth distributions, despite significant
differences in redox chemistry, mineral solubilities, and bio-
logical relevance. Clipped herbaceous vegetation and fresh
litterfall (the uppermost 1-cm of the soil profile) have alu-
minum and iron concentrations ranging from 100 to
300 mg kg�1. The transition from fresh litterfall to humified
organic matter occurs within 10 cm of the surface, and the
Al and Fe content of the most humified portion of the O
horizon was commonly 1500–3000 mg kg�1, which is an in-
crease of 10–20-fold across this litter decompositional gra-
dient. In the mineral soil immediately beneath the organic
horizons, there is often a sharp drop in the Al and Fe con-
centrations in the eluviated (commonly referred to as an E
or A2) horizon, attributed to the intense leaching that oc-
curs immediately beneath the O horizon (Giesler et al.,
2000). Underlying the �2–5 cm E horizon, concentrations
increase again in the upper mineral soil by a factor of
�10, reaching a maxima in the zone of illuviation (Bh(s)
or other horizon) which was 20–30 cm beneath the surface
at our sites. Beneath the zone of illuviation, levels of nitric-
acid extractable Al and Fe decrease gradually towards
background rock concentrations. At all of our sites, ni-
tric-acid extractable Al and Fe varied by a factor of 100–
300 in the upper 0.5 m of soil, showing systematic increases
with depth in the O horizon, and increasing again beneath
the eluviated horizon.

Nitric-extractable Mn concentrations have nearly the ex-
act opposite trends of Al and Fe in the soil profile (Fig. 4
and Appendix Table S1). Manganese is present at higher
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concentrations in clipped vegetation (�200–600 mg kg�1)
relative to Al and Fe, but Mn decreases rapidly with depth
from the surface to the base of the O-horizon, by a factor of
�25 over only a few cm. Beneath the O horizon, NAE Mn
then slowly rises in the mineral soil to levels approaching
bedrock concentrations. Levels of NAE Mn in the upper
30-cm of mineral soil are two to three orders of magnitude
lower than Al or Fe.

3.2.2. Thorium concentrations in O horizon profiles

The distribution of Th with depth at Ducktrap and Evje
is illustrated in Appendix Fig. S2. In general, the Th con-
tent of O horizon layers is relatively low, ranging from
undetectable to 3.5 mg kg�1. Concentrations of Th in the
mineral soil at a given site are relatively uniform with
depth, typically in the 10–20 mg kg�1 range. Within the O
horizon, the Th content does not appear to increase system-
atically with depth. Rather, the Th content either remained
unchanged with depth, or decreased with depth until the
mineral soil boundary. We use Th concentrations as a
proxy for mineral matter introduced by physical mixing be-
tween the mineral soil and O horizon.
4. DISCUSSION

4.1. Processes controlling the vertical distribution of 210Pbex

in O horizons

Atmospheric 210Pb is deposited onto the soil surface
with precipitation and as litter is dropped on the forest
floor. One might expect 210Pbex concentrations to steadily
decrease with depth in the O horizon, since the horizon is
layered with fresh litter on top, and older, and more humi-
fied organic material at depth. In soil profiles dominated by
inorganic material, constant meteoric 210Pb inputs and
near-steady advection cause 210Pbex concentrations in soils
to decline monotonically with depth (Nozaki et al., 1978;
Graustein and Turekian, 1986). Instead, in most of the O
horizon profiles, we observe essentially the opposite trend,
where 210Pbex concentrations increase with depth in the
upper �5 cm (Figs. 1–3 and Table 2). In many cases, the
highest concentration of 210Pbex occurred in a very humified
layer of organic matter (i.e., no recognizable needles, leaves,
twigs, etc.), which we take to be forest litter that is on the
order of one half-life old.

The presence of 210Pbex sub-surface concentration max-
imums could perhaps be explained by episodic transport of
210Pb in macropores during storm events (Bundt et al.,
2000). If precipitation events of different size and intensity
deliver atmospheric Pb to different depths on short time-
scales, then the vertical distributions we observe could be
produced. We use cosmogenic 7Be to evaluate how event-
driven macropore flow could potentially control the initial
distribution of atmospherically deposited Pb atoms with
depth in the O horizon. Both Be and Pb have very high
solid:solution partitioning behavior of 103–105 (kg l�1) even
in slightly acidic environments (Hawley et al., 1986; You
et al., 1989; Sauve et al., 2003), and are strongly hydrolyz-
ing. This similar affinity for inorganic and organic surfaces
has led a number of researchers to use the ratio of 7Be/210Pb
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measured on particles as a “clock” for calculating particle
transit times on short (<years) timescales (Bonniwell
et al., 1999). Our 7Be data show how rapidly metals can
be fixed to organic matter upon deposition (Appendix
Fig. S1), very similar to what others have found in different
environments (Wallbrink and Murray, 1996). We maintain
that the depth-distribution of 7Be represents a maximum
initial depth-distribution of atmospherically deposited Pb
in soils, because 7Be fluxes to earth’s surface are largest dur-
ing intense precipitation events. Unlike 210Pb, there is more
7Be in the stratosphere than troposphere, thus 7Be tends to
be more concentrated in thunderstorms and has a smaller
proportion of dry deposition (Lal et al., 1958; Brown
et al., 1989; Baskaran, 1995; Kaste et al., 2002).

Given the limited penetration of 7Be in the O horizon, the
strong partitioning of Pb to organic matter (Kerndorff and
Schnitzer, 1980; Sauve et al., 2000), the importance of dry
deposition for atmospheric Pb (Miller and Friedland,
1994) and the long residence time of atmospheric Pb re-
ported for O horizons (Wang and Benoit, 1997; Kaste
et al., 2003, 2006a; Klaminder et al., 2006), it is unlikely that
Pb is transported to significant depths in the soil following
deposition. It is more likely that Pb is bound strongly to
the initial surfaces that it comes into contact with, that is,
live leaves and surface litter (Russell et al., 1981). As leaves
containing Pb are buried by subsequent years of litterfall, Pb
is quantitatively retained by the material. In a 57 month
decomposition experiment of Red Spruce litter, Rustad
(1994) demonstrated that Al and Fe were enriched in the or-
ganic matter over time as carbon and other labile elements
were lost. They suggested that retention was controlled by
abiotic adsorption onto litter exchange sites. Lead also has
a very strong affinity for organic matter functional groups
(Kerndorff and Schnitzer, 1980; Manceau et al., 1996; Sauve
et al., 2000), and could reasonably be expected to behave in
a similar manner. Recent experimental work has demon-
strated that initially, atmospheric Pb may be bound to or-
ganic matter functional groups, but after a few years of
decomposition, Pb speciation may shift towards bonding
with secondary Fe oxide minerals coating the litter (Schroth
et al., 2008). A large number of previous studies have con-
cluded that Pb is effectively retained on organic matter,
and its subsequent transport in the profile is limited by the
transport of organic matter itself (Dorr and Munnich,
1989; Miller and Friedland, 1994; Wang and Benoit, 1997;
Kaste et al., 2003, 2006a).

Because organic matter can lose 20–50% of its carbon in
the first year of oxidation (Schlesinger, 1977), and the half-
life of 210Pb is 22 years, organic matter decomposition
causes a relative enrichment over the first few years of bur-
ial (Fig. 5). The depth-concentration profiles of 210Pbex in
decomposing horizons of organic matter are best described
with a model of decomposition-radioactive decay, rather
than advection–diffusion-radioactive decay, where f(t) rep-
resents the fraction of organic matter remaining relative to
freshly deposited surface litter (Fig. 5; Appleby and Old-
field, 1992; Kaste et al., 2007):

CðtÞ ¼ Co exp½�kt�
f ðtÞ ð1Þ
Under the combined processes of OM decomposition and
radioactive decay, depth-concentration profiles of 210Pbex

are related to the rate of OM accumulation, which deter-
mines the overall thickness of a deposit, and decomposi-
tion, which determines the extent of enrichment and the
depth of subsurface concentration maxima (Fig. 5). In such
a model, the 210Pbex concentration in a layer (C, in Bq kg�1)
is a function of its original concentration (Co, in Bq kg�1),
age, extent of organic matter decomposition (causes f < 1),
and possibly dilution from below-ground mass inputs that
are low in 210Pbex from processes such as physical mixing
and root growth (causes f > 1). Using experimental data
from Rustad (1994), where organic matter decomposition
is described as a two-stage process, with a fast initial decay
rate (0.17 years�1) followed by slow decay (0.02 years�1)
the general form of the 210Pbex distribution with depth that
we measured is approached (Fig. 5). This helps us develop a
mechanistic model that describes the behavior of atmo-
spherically-deposited Pb in O horizon layers, but in prac-
tice, it would be difficult to describe f(t) accurately
enough to use Eq. (1) to calculate reliable soil layer ages.

4.2. Applying a steady-state 210Pbex box model to quantify

the timescale of mobile organo-metallic colloid production in

the O horizon

Our data considered within the context of previous work
are consistent with the mechanistic model that after deposi-
tion on the O horizon surface, Pb atoms are retained by the
upper litter layer and concentrations rise as this litter is bur-
ied and decomposes. However, the presence of small but
significant 210Pbex inventories in the mineral soil layers
immediately beneath the O horizon (Figs. 1–3, and Tables
2 and 3) is strong evidence that there is a transfer of 210Pbex

from decomposing organic matter to underlying mineral
layers. Field and laboratory-based studies have demon-
strated that the dissolved transport of ionic Pb2+ is negligi-
ble compared with particulate 210Pb transport even in
slightly acidic O horizons (Wang et al., 1995; Wang and
Benoit, 1997; Kaste et al., 2005); Pb transport from the O
horizon to the mineral soil is most likely in the form of
an adsorbed complex on organo-metallic colloids (Bargar
et al., 1997a, 1997b; Kaste et al., 2006a). Previous work
has shown that the movement of atmospheric Pb in the soil
profile may be controlled at least in part by organic matter
decomposition rates (Dorr and Munnich, 1989; Miller and
Friedland, 1994; Kaste et al., 2006a). If the transfer of 210Pb
from the O horizon to the underlying mineral soil is limited
by the production of mobile organo-metallic colloids from
canopy-derived litter, then we can quantify this process
using a first-order removal constant (kl) that represents
the advection of organo-metallic colloids with 210Pbex.
The steady-state 210Pbex budget of the O horizon is:

dI210PbO

dt
¼ F � ðI210PbOkd þ I210PbOklÞ ¼ 0 ð2Þ

where I210PbO is the inventory of 210Pbex in the O horizon
(in Bq m�2), F is the steady-state meteoric flux of 210Pb to
the soil (in Bq m�2 years�1), kd is the radioactive decay loss
constant for 210Pb (0.0311 years�1), and kl is the rate loss



Fig. 5. Two different steady-state models that describe the distribution of 210Pbex with depth in soils. Concentration-based models (upper)
require an organic matter decomposition function in order to capture the form of the concentration-depth profiles we measure here (Figs. 1–
3). Inventory-based models such as the CRS (lower) are not effected by organic matter decomposition, but rely on the assumption that
surfaces no longer receive atmospheric 210Pb inputs after burial.
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constant for 210Pb advected out of the O horizon. This
model assumes that the standing crop of 210Pbex in the min-
eral soil is in steady-state with advected particles coming in
from the base of the O horizon, and that the whole profile is
in steady-state with atmospheric inputs. These assumptions
are reasonable because our sites have been undisturbed
(forested) for at least 60 years, and the total inventories
we report here are generally compatible with steady-state
fluxes reported by others who measured soils or deposition
rates at similar elevations and longitudes (Graustein and
Turekian, 1986; Preiss et al., 1996). While the total variabil-
ity in 210Pbex inventories we report here is wide, varying by
a factor of 3 across our sites in New England, atmospheric
210Pb fluxes are a function of air mass source, rainfall rates,
occult deposition, and other factors that can vary
dramatically in complex terrain. Graustein and Turekian
(1986) reported 210Pbex inventories in soils from Whiteface,
Camels Hump, and Moosilauke to range from 4900 to
12,000 Bq m�2, which are similar values to our total surface
inventories given in Table 3. While the spatial and seasonal
variability of 210Pb deposition is significant and complex,
our only assumption is that 210Pb deposition at a single soil
plot varies around a mean and is not systematically chang-
ing over time. Long-term monitoring (>10 years of data) of
210Pb concentrations in air have shown strong seasonal var-
iability but no measurable change on decadal timescales
(Sheets and Lawrence, 1999), which supports our assump-
tion stated above.

In this steady-state box model, the loss rate (kl) is deter-
mined by calculating the amount of 210Pbex required to
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advect out of the O horizon to replenish radioactive decay
in the B horizon (Table 3), and annual meteoric inputs are
calculated as the flux of 210Pb required to replenish the an-
nual decay of 210Pbex in the entire soil profile. Annual stea-
dy-state 210Pbex loss rates (via advection) from the O
horizon, calculated by dividing the advection flux
(Bq m�2 years�1) by the O horizon 210Pbex pool (Bq m�2,
in Table 3 this is the difference between total I and mineral

soil I), range from 0.16% to 1.79%. We calculate turnover
times using these data, which are the inverse of the loss rate
for each site, to range from approximately 60–630 years
(Table 3). Organic horizon turnover times calculated using
the 210Pbex box model described here put a timescale on a
very critical process regulating the production of mobile
organo-metallic colloids from fresh litter, and this timescale
can be used to model the fate of other strongly hydrolyzing
metals that are delivered to the O horizon surface on fresh
litter. It is interesting to note that sites with the smallest loss
rates and thus the longest turnover times are Sites 1–2 in
New England that were at relatively high elevation
(>900 m) and our northern most site in Norway (Mosvik),
which are in environments where decomposition rates are
expected to be lowest (Schlesinger, 1977). These data ap-
pear to support a connection between organic matter turn-
over and contaminant release from soil reservoirs.

4.3. 210Pb dating in O horizon layers

While fallout radionuclides have been used extensively
to date lake sediments, peat deposits, and quantify marine
sedimentation and mixing rates, the application of these
tracers to quantify soil processes has been very limited. Gi-
ven the assumptions that we justify above on the quantita-
tive retention of atmospheric Pb in decomposing litter, and
the lack of episodic advection and mixing we infer using
other tracers, the upper part of the O horizon in soils sam-
pled here may be suitable for 210Pb dating using a steady-
state deposition model. A number of very recent works
have shown that the layers of litter in “mor-type” soil hori-
zons (those in which the organic horizon is clearly distin-
guishable from the underlying mineral horizon) do in fact
record a stratigraphy of atmospheric deposition and soil or-
ganic matter inputs (Kaste et al., 2007; Klaminder et al.,
2008, 2009; Klaminder and Yoo, 2008).

As discussed earlier, the concentration maxima of
210Pbex just beneath the surface in these soils is likely con-
trolled by the more rapid decay of organic matter compared
to the radioactive decay of 210Pbex during the first few years
of decomposition. Iron and Al are also immobile in decom-
posing organic matter (e.g., Rustad, 1994) and sorption
experiments suggest that the binding affinities of Al, Fe,
and Pb are similar for humic substances (Kerndorff and
Schnitzer, 1980). As such, their concentration profiles in
the soil should be similarly affected by organic matter
decomposition. When 210Pbex is normalized to nitric-
extractable Fe + Al, a more classic logarithmic depth-decay
form is obtained (Fig. 2, middle). When we apply a simple
constant initial ratio (CIR) age model, which assumes that
incoming litter has a constant 210Pb/(Fe + Al) value, and all
three elements are enriched identically with organic matter
decomposition, then we can get a distribution of age with
depth (Fig. 2, middle) which we test below with indepen-
dent tracers.

Another approach to 210Pb dating is a constant rate of
supply age model (Krishnaswami and Lal, 1978; Oldfield
et al., 1978; Robbins, 1978) which is not affected by relative
enrichments from organic matter decomposition or dilution
from material introduced from below (CRS, Fig. 5). The
CRS model calculates surface ages using 210Pbex inventories
(A, units of Bq m�2) measured in each layer. It requires
radioactive equilibrium between the soil and the atmo-
sphere, and near-constant deposition of 210Pb to the surface
each year (Bq m�2 years�1), where A is the inventory be-
neath a buried surface, A(0) is the steady-state inventory
of the entire profile, and t is the age that the now buried sur-
face that was at one time exposed.

A ¼ Að0Þe�kt ð3Þ

This model assumes that the whole soil profile is in stea-
dy-state with the inputs from the atmosphere and we justify
this assumption in our box-model description above. We
present several lines of independent evidence to check the
ages of organic soil layers determined by the two different
210Pb dating models (CIR and CRS) in the well-drained
environments that we sampled here. One such independent
constraint is based on the period of atmospheric Pb deposi-
tion. While we do not report on radiogenic Pb isotopes
here, which would provide a more robust quantification
of the sources of Pb in the soil samples, we can use the
depth-profile of NAE Pb to broadly define the distribution
of pollutant Pb in the upper part of the profile. This is rea-
sonable because previous detailed radiogenic Pb studies
have shown that virtually all of the Pb in the O horizon lay-
ers at our sites is from air pollution, and even in the upper
mineral soil, pollutant Pb can comprise the majority of the
Pb extracted by an acid extraction that does not completely
dissolve the primary minerals in the sample (Kaste et al.,
2003; Steinnes et al., 2005).

The shaded bar in Fig. 2 marks the horizon in which
peak levels of NAE Pb were extracted. In all cases, the
CIR model returned much older dates for the NAE Pb rich
horizons than would be expected. For example, the mean
CIR date for the NAE Pb rich layers was 1920 at Moos-
ilauke, about 50 years prior to the known period of maxi-
mum Pb deposition. Similarly, the CIR-calculated dates
of Pb-enriched soil horizons in the Birkenes (1938) and Evje
(1947) site also overestimated age by several decades
(Fig. 2, middle). The failure of the CIR age model to accu-
rately predict soil ages reflects an error in one or more of
underlying assumptions of the model. In this case, it ap-
pears that there may be an additional source of Al and
Fe that influences the calculated soil age. Dividing the
210Pbex concentrations by (Al + Fe) normalizes for relative
concentration enrichments, assuming that Pb, Al, and Fe
are all are derived from similar sources and behave similarly
during decomposition. However, if Al and Fe are added
from below-ground sources then it would dilute the
210Pb/(Al + Fe) values, making deeper horizons appear
older than they are. We do not think that this phenomena
can be explained by a higher mobility of Pb compared with
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Al and Fe, because all three metals are projected to form
equally strong complexes with organic matter functional
groups (Kerndorff and Schnitzer, 1980) and, if anything,
Al solubility (with respect to Al hydroxide) would be higher
than Pb solubility in the slightly acidic soils that we study
here (pH = 4–5). Rather, we suggest that below-ground in-
puts of Fe and Al to the organic horizons represent signif-
icant contributions to their respective inventories, and such
inputs could be important to the development of Spodosols.
We evaluate the possible sources of Al and Fe to O horizon
layers in Sections 4.4 and 4.5.

The CRS model returned more reasonable ages for the
NAE Pb rich organic layers (Table 2). Specifically, at
Moosilauke, Birkenes, Evje (Fig. 2), and Camels Hump
(Fig. 3), ages ranges were 1963–1978, 1965–1976, 1934–
1976, and 1958–1976 for the layer of soil containing the
highest amounts of NAE Pb. At Amli, much of the NAE
Pb, on a mass basis, appears to be in the mineral soil (A
horizon and lower) and the age of the lower most O horizon
layer was 1971. This site was in a Scots Pine Stand, and per-
haps more rapid decomposition has resulted in the transfer
of organic matter containing pollutant Pb out of the O hori-
zon and into the minerals soil. It is important to note that
we only use the CRS model to determine the ages of layered
O horizons: all of the 210Pbex in mineral horizons (A and B
horizons) was combined into the lowest layer that has no
lower boundary for age (indicated by arrows in Figs. 2
and 3).

At Camels Hump we make use of an enriched 207Pb dose
that was applied to the soil surface (upper layer of forest lit-
ter) in 1984 and recovered in 2001 (Kaste et al., 2003). This
manipulation study also helps confirm the utility of CRS
based soil ages. Fig. 3c shows that most of the 207Pb was
recovered at 4–8 cm; we interpret this layer to represent sur-
face litter from 1984. The 210Pb CRS model date for this
layer is 1979–1995 (Fig. 3a and Table 2). The application
was small enough that it did not affect the total Pb content
of the soil, which is governed by the temporal distribution
of atmospheric Pb pollution in the region. Nitric-extract-
able Pb peaked in a horizon that had a 210Pbex-derived
age of 1952–1979, consistent with the peak of atmospheric
contamination around 1970 (Figs. 2 and 3). In that study, a
detailed radiogenic Pb isotopes confirmed that essentially
all of the Pb in the O horizon was from leaded gasoline,
and most of this Pb was still in the O horizon (Kaste
et al., 2003).

We use depth-profiles of weapons-derived fallout radio-
nuclides as another independent check on the reliability of
the CRS 210Pb chronology (Table 2). The weapons-fallout
concentration maximum traces organic matter that was ex-
posed during the early 1960s, which is the time period of the
highest atmospheric contamination from weapons tests
(Cambray et al., 1989). Fig. 3b shows activity-depth profiles
of weapons-derived 241Am and 207Bi at the Camels Hump
Site. The layer with the highest 241Am and 207Bi inventories
had a CRS 210Pb derived age of 1952–1979, and a portion
of the total 241Am and 207Bi inventories were recovered in
the lowest O-horizon sample which had a 210Pb age of
61952 (Fig. 3). The Camels Hump soil profile preserved
sharp concentration maximums of 4 temporally distinct
tracers that are all well-documented to strongly bind to or-
ganic matter (Appleby et al., 1991; Kim et al., 1997; Sauve
et al., 2000; Artinger et al., 2002), suggesting that Conifer-
ous O horizons can record a stratigraphy of litter inputs
and atmospheric fallout elements that bind strongly to or-
ganic matter in the upper layers. It is interesting to note
again, that at Amli, which had the “youngest” O horizon
layers (Table 2) had most of the NAE Pb and the 241Am
inventory in the upper mineral soil (A + Bs), which, shows
how rapid O horizon turnover can result in the transfer of
elements to the mineral soil. In all, NAE Pb, and
weapons-derived 241Am at the other sites provide multiple
independent means of determining the age of soil organic
soil horizons, and are consistent with the CRS model
(Table 2).

Organic horizon layer ages determined by the CRS 210Pb
model are constrained on the high and low ends by the
average time elapsed since the surface above and below
the layer stopped receiving atmospheric inputs of 210Pb;
the CRS ages may thus be interpreted as average burial
ages. Because the residence time of some organic matter
in the lower O horizon layers can be considerably longer
than the half-life of 210Pb, and the presence of old organic
matter in the profile does not impact the CRS date, O hori-
zon layers can contain some organic matter that is older
than the burial age. Litter decomposes in two stages, with
relatively rapid decomposition during the first few years fol-
lowed by decades to centuries of a much slower decay rate
(Rustad, 1994; Currie and Aber, 1997), so we expect this ef-
fect to be largest in the deepest, more humified O horizon
layers. Generally, O horizon humus layers have CRS ages
between 40 and 90 years, but bulk O horizon 210Pb turnover
times range from 60 to 630 years (Table 3). The very long
turnover times of O horizon 210Pb compared with average
humus layer CRS ages is caused by the fact that only the
oldest organic matter is advected from the O horizon to
the mineral soil beneath.

Not surprisingly, the lowermost layers within an O
horizon profile have wider age brackets, on the order of
15–50 years because of higher density of humus compared
with fresh litter. The oldest O horizon humus layers differ
in age by approximately a factor of two to three from site
to site. For example, the humus layer at the base of the O
horizon at the Amli, Norway site had a CRS age of
1971–1983, while humus at the base of the O horizon
sampled from Mosvik, Norway had a CRS age of
1912–1940. This difference is consistent with a faster
decomposition in Pine forests compared with Spruce for-
ests (Berg, 2000). The CRS ages of the lowest humus lay-
ers in the O horizon are the ones that are most
susceptible to being affected by advection. We have devel-
oped a model where 210Pb is advected from the base of
the O horizon to the mineral soil in an organic (com-
plexed) form. For the CRS ages to be most valid, the
lower O horizon layer must be in steady-state with re-
spect to 210Pb and organic matter, and 210Pb must trace
the organic matter mass transfer. However, if 210Pb is
moving in a process decoupled from the organic matter
transfer (as Pb2+ for example), then the calculated age
of this layer would be younger than the burial time. If
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this is suspected, then one could use the base of the O horizon
as the lowest dated layer, and include the inventory beneath it
to calculate the widest possible date bracket.

4.4. Using O horizon dating to describe the sources and fate

of aluminum, iron, and manganese in decomposing organic

matter

The transport and fate of Al, Fe, and Mn in watersheds
have significant ramifications for the health of terrestrial
and aquatic ecosystems (Sherman et al., 2006), but the role
that the biosphere has on regulating the dynamics of these
elements remains poorly constrained (Li et al., 2008). Iron
and Mn are elements that are critical in trace amounts for
photosynthesis and the production of a number of amino
acids (Abadia, 1991). In contrast, high levels of dissolved
Al can be toxic to forests (Shortle and Smith, 1988), aquatic
ecosystems (Baker and Schofield, 1982), and can inhibit
microbial processes critical to the biogeochemical recycling
processes (Brynhildsen and Rosswall, 1997). Oxides of Al,
Fe, and Mn have significant reactive surface area capacity
that can sequester nutrients and contaminants in terrestrial
ecosystems, and have been documented to play critical roles
in the cycling of P (Giesler et al., 2002; Peretyazhko and
Sposito, 2005), Pb and other toxic elements (Bargar et al.,
1997a, 1997b), and carbon (Kleber et al., 2005). Recent
work has demonstrated that soil humus has very high levels
of secondary aluminum and iron, but the precise mecha-
nisms by which humus accumulates metals is not well
understood (Giesler et al., 2000). Because of the critical role
that these metals can play in the cycling of nutrients and
contaminants in soils, and our incomplete understanding
of the biogeochemical cycling of metals, new techniques
are being developed to partition the different processes that
control the fate of these metals at the earth’s surface (Wie-
derhold et al., 2007).

Aluminum, Fe and Mn concentrations have consistent
and distinct trends with depth in the soil profiles (Fig. 4
and Appendix Table S1). Metal inputs to the top of the
O horizon result from litterfall and wet and dry deposition.
While the exact partitioning of these processes as sources of
metals to the top of the O horizon are not entirely con-
strained, detailed budget studies in coniferous watersheds
have shown that biocycling and litterfall make up a larger
flux of these metals to the O horizon compared to bulk
atmospheric deposition (Rustad and Cronan, 1989). In
the O horizon, concentration gradients in layers are con-
trolled by some combination of (a) uptake by vegetation,
(b) relative enrichment with loss of CO2 (Rustad, 1994),
(c) physical soil mixing, (d) below-ground biological circu-
lation (Vogt et al., 1987; Fimmen et al., 2008), and (e)
leaching. In the upper mineral soil beneath the E horizon,
Al and Fe concentrations reach a maximum because of illu-
viation processes (Lundstrom et al., 2000; Donisa et al.,
2005), while Mn appears to be strongly depleted with depth.
By combining the chemical profiles (Fig. 4) and the results
of the CRS 210Pb dating model (Table 2), we can convert
depth in the O horizon to organic matter age, and gain
valuable insight as to the timescale of processes that regu-
late Al, Fe, and Mn in decomposing litter (Figs. 6 and 7).
According to the CRS 210Pb-derived ages, the Mn con-
tent of decomposing organic matter declines nearly expo-
nentially with time, decreasing by �50% within the first
decade of decomposition, and leveling off at 4–6% of its ini-
tial value after 40 years (Figs. 6 and 7). The normalized Mn
data showing relative concentration changes over time
(Fig. 7) are remarkably consistent from site to site. One
possible mechanism for the rapid loss of Mn from decom-
posing litter is tight recirculation by the forest ecosystem.
This tight recycling would help explain the lack of an accu-
mulation layer of Mn in the upper mineral soil, and the low
concentrations of Mn typically found in surface waters of
boreal forests (Bjorkvald et al., 2008). Mn has a much lower
affinity for organic matter compared with Al or Fe (Ker-
ndorff and Schnitzer, 1980), so dissolved losses of Mn from
decomposing organic matter, as either a simple ion or a sol-
uble complexed form may also be responsible for its deple-
tion with depth in the O horizon. We note that there is no
obvious zone of Mn accumulation in the mineral soil as we
see for Al and Fe, so it does not appear to be significantly
translocated.

In contrast to Mn, Al and Fe increase approximately lin-
early (Figs. 6 and 7) with organic matter age. In all cases,
the Al and Fe content of litter increases by a factor �5 in
the first decade of decomposition. This enrichment would
be expected if Al and Fe are quantitatively retained as C,
O, and N are lost during the first stage of oxidation. The
decomposition of coniferous forest litter is often modeled
as a two-stage process, with an initial rapid stage where
�80% of the mass is lost (Berg, 2000). The initial stage is
followed by a much slower stage of decomposition where
mass loss rates might be �0.01 years�1 (Currie and Aber,
1997). Our profiles of fallout lead and radionuclides are
consistent with the premise that decomposition drives a rel-
ative enrichment of certain metals in the profile (Figs. 1–4).
However, relative concentration increases resulting from
mass loss can only explain about half of the Al and Fe accu-
mulation observed in the O horizon, because decomposi-
tion-based mass loss is usually limited to 80–85% on
timescales of decades, which would limit the concentration
of Al and Fe in humus to be approximately 5� the concen-
tration of fresh litter, while total Al and Fe enrichments can
exceed 10–20 times initial concentrations (Figs. 6 and 7).

While there is considerable variability in the rates of Al
and Fe enrichment across the sites (Fig. 7), generally after
the initial decade of decomposition, organic matter contin-
ues to accumulate Al and Fe. However, the high concentra-
tions of Al and Fe in base of the O horizon (OM ages
>20 years) are inconsistent with solely a decomposition-
based enrichment mechanism. While there is indeed mea-
surable mineral matter in the O horizon layers (typically
4–15% mass remains after ashing in the upper O horizon
layers (Table 2), measurements of NAE Al and Fe in the
soil profile suggest that physical soil mixing is not a likely
process for increasing the metal concentration of O horizon
humus, because the highly leached E horizon, which is the
material that would be most likely mixed into the O hori-
zon, is actually lower in NAE Al and Fe than the O horizon
humus (Fig. 4 and Appendix Table S1). Furthermore, pro-
files of fallout radionuclides and Th are evidence against



Fig. 6. Al ( ), Fe ( ), and Mn (d) with depth (left) and age (right) in the O horizon at Mosvik, Norway. The T = 0 sample was determined by
measuring live vegetation. Age brackets given on the Mn data (right) are applicable to the Al and Fe data.

Fig. 7. Evolution of Mn, Al, and Fe in the O horizon layers with median age for each layer (ages and uncertainties given in Table 2). O
horizons chemistry from all sites are plotted with elemental compositions normalized to the freshest litter collected.
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significant physical mixing of mineral matter into the lower
parts of the O horizon on short-timescales. Much of the
mineral matter that is in the O horizon may be from epi-
sodic events, such as tree throw, which is not a mechanism
capable of producing the systematic concentration gradi-
ents of Al and Fe observed here.

4.5. Modeling steady-state O horizon Al and Fe pools from

bulk deposition

Our data can be used to assess the relative sources of Al
and Fe to O horizons. We use the dated upper-most O hori-
zon layer collected at each site to calculate a combined lit-
terfall and atmospheric deposition flux for Al and Fe. This
layer, which was typically the upper one to two cm of fresh
and partially decayed leaf litter is almost entirely organic
matter, and should have minimal elemental contributions
from below-ground sources such as physical soil mixing
or even root growth (Table 2). The number of years of
deposition that this surface layer represents is constrained
using 210Pb CRS chronology (Table 2), and depositional
fluxes are calculated by dividing the Al and Fe pools in this
upper layer by the layer age. By calculating fluxes in this
manner, it incorporates wet deposition, dry deposition
(including dust), and Al and Fe deposited on the surface
by litterfall, assuming that all of the Al and Fe remained
in the litter as it decomposes. One-sigma uncertainties in
the pools are dominated by the bulk density uncertainty
(10%), which, when propagated with the CRS age uncer-
tainty (Table 2) result in an average 15% uncertainty in
the depositional flux. With only a few exceptions, our calcu-
lated depositional fluxes of Al and Fe range between 40 and
100 mg m�2 years�1 (Table 4), which agree remarkably well
with wet and dry fluxes measured directly by others in sim-
ilar environments (Rustad and Cronan, 1989; Duce and
Tindale, 1991; Berg et al., 1994; Li et al., 2008). Most nota-
bly, Rustad and Cronan (1989) monitored monthly wet and
dry deposition, litterfall, and canopy throughfall for two
years at a nearby and similar site to Ducktrap, and
determined total Al and Fe deposition fluxes to be
50 mg m�2 years�1 each, which essentially matches our
calculated values (Table 4).

Steady-state Al and Fe pools that accumulate in the O
horizon from deposition (litterfall + atmospheric) are
determined using the steady annual inputs calculated with
the Al and Fe measurements in the dated top layer of the
O horizon and the 210Pb-derived loss rates (kl, Tables 3
and 4). Uncertainties in the steady-state pool projections
as calculated by propagating the uncertainty in the deposi-
tional flux with the uncertainties in the turnover times
(Table 3) average 25%. Another obvious source of Al and
Fe to the O horizon apart from deposition is the physical
mixing of mineral matter into the horizon from beneath.
We estimate Al and Fe contributions to the O horizon from
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minerals mixed in from belowground using the mineral con-
tent of the O horizon (Table 2) and the Al and Fe content of
the upper mineral soil. We argue that this calculated min-
eral-derived Al and Fe pool represents an upper limit, be-
cause it uses the concentration in the upper mineral soil
(the layer most likely to be mixed into the O) and assumes
that the metals are never lost, essentially that the ratio of Al
and Fe to inorganic material in the layer beneath the O
horizon remains constant once that material is mixed into
the O horizon. Our calculations show that top-down depo-
sition is by far the larger source of Al and Fe to the O hori-
zon compared with physical soil mixing, which is consistent
with the radionuclide tracer data and the profile chemistry.

When comparing the calculated Al and Fe pools pro-
jected for the O horizon from top-down deposition and
physical mixing with the measured Al and Fe pools, there
are a few different scenarios that emerge (Table 4). At Cam-
els Hump, Mosvik, and Evje, Al and Fe pools calculated
from depositional fluxes exceed the observed amounts.
These are the three sites that had the longest O horizon
turnover times (all >250 years; Table 3), and, it may be that
steady-state is rarely attained on this timescale because of
episodic events such as tree-throw, forest fires, or other dis-
turbances. Furthermore, we suspect that the calculated
Camels Hump deposition flux is too high, probably because
the sampled surface layer for the input calculation was too
thick (4 cm), resulting in additional Al and Fe levels intro-
duced from sampling beneath the freshest litter that ele-
vated the depositional flux calculation. At Mossilauke
and Ducktrap, calculated pools of Al and Fe fall well short
of observed pools, and at Amli and Birkenes, calculated
pools fall slightly but not always significantly short of ob-
served pools.

Below-ground inputs other than physical soil mixing,
possibly a biologically-mediated process, may explain the
“missing” Al and Fe here. The O horizon contains organic
matter derived from canopy inputs (litterfall), as well as fine
roots that come from beneath the surface, but the relative
importance of these pools is not well understood. Both lit-
ter and root-derived sources can be important fluxes of Fe
and Al to the organic soil, and forest composition and
structure can have a major impact upon the relative propor-
tion of Fe and Al derived from each. Root-derived Fe and
Al represented the most significant flux of these metals to
pools of organic detritus in an Abies amabilis (Pacific silver
fir) stand in the Cascade Mountains, Washington, USA
(Vogt et al., 1987). Up to half of the Al fluxes to the O hori-
zon of a Picea rubens (Red Spruce) forest in Maine was ex-
plained by root activity, but the specific process is unknown
(Rustad and Cronan, 1995).

The Maine forests studied by Rustad and Cronan (1995)
are similar in parent material and canopy to forests in this
study, thus, we would expect both litter and fine roots to be
important sources of Fe and Al in this region as well. It is
becoming clear that different forest compositions can have a
very significant effect on the fluxes and cycling of essential
and nonessential elements in the soil profile (e.g.,
Brandtberg and Simonsson, 2003), and our data suggest
that below-ground biological circulation begins to impact
the chemistry of aging organic matter after 10 years
(Figs. 6 and 7). Li et al. (2008) recently demonstrated that
below-ground contributions to the O horizon might be
significant for Fe at an aggrading forest on the Southern
Piedmont in South Carolina (USA). Through repeated-
sampling, they determined that the amount of Fe in the O
horizon greatly exceeded that amount that could be
explained by atmospheric deposition and above-ground
cycling. A number of other recent studies have documented
a considerable pool of secondary Al and Fe in O horizon
humus (Giesler et al., 2000; Brandtberg and Simonsson,
2003; Li et al., 2008), and some have speculated that this
pool of Al and Fe can limit P availability in forests (Giesler
et al., 2002). Our dated profile approach provides a unique
perspective on how the metal content of decomposing detri-
tus can change with time, and allows us to constrain the
timescale and source of metal enrichment in soil organic
matter as it decays.

5. CONCLUSIONS

Forest litter decomposition is a complex biogeochemical
process regulating the fate of a number of nutrient and con-
taminant elements in the environment. The conversion of
fresh litter into humus takes decades; tracer studies may
thus be the only avenue for evaluating the accumulation
and loss of elements in decomposing detritus. We use mea-
surements of 210Pb in O horizon layers and in mineral soil
to quantify the timescale over which canopy-derived litter
is converted into mobile organo-metallic colloids. This pro-
duction rate varies nearly an order of magnitude across the
seven sites studied here, but appears to be slowest at high
elevation and high latitude sites, where decomposition rates
are presumably the lowest. We dated O horizon layers using
a constant flux atmospheric 210Pb model and applied this
technique to quantify the accumulation and loss of metals
in decomposing forest-derived litter. While layer ages deter-
mined by this technique are coarse, in some cases spanning
several decades, the dates calculated by the CRS model are
consistent with the distribution of independent tracers. De-
spite their differences in redox chemistry, predicted solubil-
ities, and different biological roles, the fate of Al, Fe, and
Pb in the O horizon can be described using a similar model,
where these metals are enriched in canopy-derived litter as
it decomposes, but are ultimately converted to colloidal
phases that are immobilized in the upper mineral soil.
The quantities of secondary Al and Fe in the humus layer
of the O horizon exceed the levels that can be described
by the burial and decomposition of canopy-derived litter.
Our data suggest that on short timescales (<100 years),
physical mixing of mineral-derived Al and Fe is not a likely
mechanism for significantly enriching the O horizon in
these metals, and conclude that below- ground biological
circulation is a significant process generating secondary
Al and Fe in soil humus. In contrast, Mn is rapidly lost
from decomposing forest detritus, which may best be ex-
plained by a tight cycling of this essential nutrient by the
ecosystem or possibly dissolved losses (via leaching). Rapid
biological uptake of Mn would limit its transport to the
mineral soil, and may explain the lack of accumulated sec-
ondary Mn beneath the O horizon we observed here. While
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we focused on a limited number of elements in this study,
the techniques we use and processes that we quantify may
be extended to describe the fate of other nutrients and con-
taminants in terrestrial environments.
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