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Abstract. Isotopes of Be and C were used to reconstruct loess accumulation, hillslope evolution, and
agricultural modification in soils of western Iowa. While both elements are derived from additions by
the atmosphere (via plants in the case of carbon), the differences in element cycling allow erosional and
depositional processes to be separated from biochemical processing. Based on '°Be, loess accumulation
likely occurred simultaneously with hillslope degradation. Rates of loess accumulation declined five-
fold between early stages (late Pleistocene and early Holocene) and later stages (late Holocene) of ac-
cumulation, but the absolute timing of accumulation requires independent dating methods. Based on
14C measurements, plant inputs and decomposition are significant near the surface, but below 1-1.5 m
carbon inputs are minimal and decomposition is nearly arrested. The amount of carbon below 1.5 m is
constant (0.1%) and is composed of soil organic matter that was buried by loess. Agricultural modifi-
cation results in a dramatic redistribution of '°Be through soil erosion and deposition. By contrast, the
redistribution of soil organic matter is masked by the rapid cycling of C through the topsoil as it con-
tinually decomposes and is replaced by plant inputs.

Introduction

Much attention has been paid to processes of C cycling in a variety of terrestrial
environments and under a range of land use covers and land uses. The primary
mechanism for C uptake onto land is photosynthesis. However, in order for C up-
take to be sustained for more than a growing season, C must be protected from
plant respiration, decomposition, and fire. In soils, protection from decomposition
is evident in (1) lignin-rich materials that are less easily digested by decomposers
(Melillo et al. 1982), (2) storage in cold, often deep layers (Trumbore and Harden
1997), or (3) storage in wet, anoxic environments (Gorham 1991). Physical dis-
turbances — by plowing or destruction of cold, deep, or wet conditions — could re-
sult in a net release of C to the atmosphere based in part on accelerated decompo-
sition (Johnson 1992; Davidson and Ackerman 1993) or a net uptake of C (Stallard
1998) if C is buried in sediment or water and C is replaced by continued or en-
hanced production (Harden et al. 1999).
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Research on radiocarbon as a tracer to atmosphere-geosphere interactions in-
cludes a variety of papers on surface ages and carbon cycling in soils. Soil ages,
sometimes referred to as “mean residence times” for soil organic matter, help to
resolve the balance between radiodecay, inputs, and decomposition rates Trumbore
and Torn (2002); (Wang et al. 1996). Decomposition rates and soil respiration stud-
ies have been greatly strengthened by analyzing *C of soil fractions (Trumbore et
al. 1990) and soil gases (Trumbore et al. 1996). In addition, stable isotopes of car-
bon are also useful for soil processes, especially when shifts in vegetation have
occurred naturally (Balesdent et al. 1987) or under agricultural management
(Townsend et al. 1995).

The mechanism of replacement of C during erosion and sedimentation contrasts
strongly with mechanisms by which 'Be interacts between the atmosphere and
geosphere. First and foremost, '°Be, generated in the atmosphere by collision of N
and O (Brown et al. 1981; Brown 1987), has an ionic radius and charge that allow
a very strong sorption to particulate matter. Whether entering soils as wet fall or
dry fall, Be ions likely remain attached to soil particles and are transferred to new
surfaces when primary minerals alter and their soluble elements are leached through
the soil profile (Barg et al. 1997). Research on '°Be, and more recently °Be, has
addressed issues on timing of landscape development (Pavich and Vidic 1993; Seidl
et al. 1997; Bierman 1994; Monaghan et al. 1983), hillslope creep (McKean et al.
1993), weathering and formation of minerals (Barg et al. 1997; Monaghan et al.
1986), sedimentation (Seidl et al. 1997), and dust accumulation and the genesis of
loess/paleosol sequences (Gu et al. 1997). While sources of '°Be in soils include
both atmospheric fallout and the radiodecay of in sifu minerals, our studies are fo-
cused on sources from atmospheric additions. Although much of this '°Be is de-
posited in dust (dry fall) and/or precipitation (wet fall), local reworking of soils as
dust or colluvium can be important sources of '°Be as well (Gu et al. 1996).

Given the contrast between the behaviors of Be and C in soils, we attempted to
examine the history of dust accumulation, hillslope evolution, and organic matter
accumulation by examining loess soils of western lowa. Questions to be addressed
include:

1. How is the cycling of carbon impacted by landform processes such as loess ac-
cumulation, hillslope degradation and agricultural management, and how can
19Be cycling be used to understand carbon and landform processes?

2. Did loess accumulation occur episodically and was hillslope evolution a subse-
quent alteration of the landscape, or did these processes occur simultaneously?

3. What is the origin of organic matter stored in deep loess deposits? Is it ancient
detrital or glacial carbon or is it related to more recent soil processes?

4. How has agricultural management impacted rates and processes of soil and
landform development?
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Methods

We examined the Be and C isotopic compositions of loess soils of western Iowa
using a pair of undisturbed prairie and cultivated cropland sites and by sampling
soils at stable, erosional, and depositional slope positions. The prairie site, Dinesen
Prairie, is a 20-acre hillslope located near the town of Harlan (Figure 1). The crop-
land site, converted from prairie ~ 150 years ago, is a 30-acre drainage basin lo-
cated in the USDA Deep Loess Research Station near the town of Treynor, ~ 100
km to the south of the prairie site. Soils throughout much of the area are developed
in loess deposits (wind-blown silts) originating from glacial to post-glacial outwash
along the Missouri River and distal loess sources in Nebraska (Bettis 1990; Muhs
and Bettis 2000). Since the early Holocene, valleys have accumulated several gen-
erations of alluvium with admixtures of loess, most recently after settlement ~ 150
years ago (Bettis 1990). Among the first European visitors were Lewis and Clark,
who crossed the Missouri River just north of Council Bluffs and settlement began
later when the Morman Trail established a wintering-over point. Permanent agri-
culture and settlement began in the 1860’s, with corn, clover, wheat rotations. In
the 1950’s modern fertilization was introduced, and corn-clover-wheat rotations
gave way to monocrops of corn or soybean (Manies et al. 2001).

The prairie site is surrounded by agricultural croplands and exists as a refuge for
birds, tallgrass prairie plants, and gophers. The local slopes vary from about O to
3% on the ridgetops, 12% on the steepest midslope, and 0% on the depositional
lower slope. The soils are characterized as Mollisols, (Monona series) with very
deep, very dark A horizons.

The cropland site near Treynor is one of several experimental watersheds that
have been farmed since ~ 1860. Local slopes are quite similar to the hillslope at
the Dineson Prairie, but midslopes are somewhat steeper (15%). The soils are also
characterized as the Monona series on uneroded ridgetops, but are generally lighter
in color and have thinner A horizons than soils at the Dinesen Prairie. Soils on the
sideslopes are mapped as the eroded or severely eroded Graphton series and have
topsoils only 20 cm thick that overlie much lighter subsoils. Depositional lower
slopes, generally mapped as Napier series, have dark, very thick A horizons.

At both Dinesen Prairie (DP) and the Treynor (TR) cropland sites, soils were
sampled at a relatively uneroded interfluve, or ridgetop (designated R for Ridge-
top), an erosional upper midslope (designated U for Upper), and depositional lower
(L) slope positions. Using a combination of coring devices or soil excavations, pro-
files were sampled to depths of 5, 10, 20, and 40 cm, and every 20 cm down to 200
or 300 cm. Bulk density was measured by the core method (described in more de-
tail in Harden et al. (2001)). Triplicate profiles were sampled for the upper 1 m.

Total carbon (TC) in soil samples was determined by measuring the carbon di-
oxide (CO,) produced by combusting the sample in a stream of oxygen (O,). Total
carbon measurements were made using a Fisons NA1500 elemental analyzer (EA)/
Optima isotope ratio mass spectrometer (IRMS). Inorganic carbon (IC) was deter-
mined by measuring the CO, generated by heating a sample at 105 °C in acid us-
ing a UIC coulometer. Organic carbon (C) was calculated as the difference between
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Figure 1. Map of study area showing location of study sites

TC and IC. A Fisons NA1500 EA/Optima IRMS was also used for the determina-
tion of total nitrogen and for '>N and '*C measurements. Radiocarbon content was
measured on untreated bulk soil by sealing enough homogenized sample to make
~ 1 mg of C with cupric oxide wire and a small piece of silver wire in an evacu-
ated, quartz tube. The CO, produced is purified cryogenically and then reduced to
graphite using the zinc- or iron-catalyzed reduction method described in Vogel
(1984). The ratio of '*C to '*C and '>C atoms is measured directly from the graph-
ite target using a high-energy accelerator as an inlet to a mass spectrometer (AMS).
We report '*C data in Fraction Modern or FM units. In calculating the FM, we
correct for isotopic fractionation effects that occur as a result of photosynthesis (the
origin of soil organic matter) by correcting both sample and standard to a measured
13C value of the same sample. The standard oxalic acid is corrected in the same
way, to —19 per mil. Because bulk soil organic matter is a mixture of old and new
plant matter, these values do not represent a “date”, but rather represent a history
or average age after mixing, decomposition, leaching and burial. Nevertheless, we
also report (Tables 1 and 2) corrected radiocarbon ages using (Stuiver and Reimer
1993), in which a bias in the calculated radiodecay ages are mathematically cor-
rected for comparison to tree-ring ages. Inorganic carbon was not present in the
bulk fraction of most samples; however some deep layers of DPU and TRU and
TRL contained 0.2 to 1% carbonate which is reflected in 13C values >~ -12 (Fig-
ure 2d). All values for inorganic, total, and organic carbon data are reported for
replicate profiles in Harden et al. (2001)
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Meteoric '°Be adsorbed to soil particles was measured by Accelerator Mass
Spectrometry. Aliquots of soil < 2 mm were ground, dried, weighed, and spiked
with “Be. Soil was decomposed by HCIO,, + HF + HCI and dried down. The dried
solid cake was extracted by 3 N HCl and precipitated by NH,OH to form Fe(OH) .
The precipitate was dissolved by 10% HF and re-precipitated to Fe(OH); by
NH,OH, while Be complex ion is formed in solution. The solution was dried at
250 °C, treated with HCI and NH,OH to form Be(OH),, baked again at 550 °C for
a BeO target. The BeO was loaded into sample holders and analyzed for “Be/'°Be
ratios at Lawrence Livermore Laboratory CAMS facilities. This sample prepara-
tion method was developed by Fouad Tera of Canegie Institution in Washington
D.C.

Results and discussion
Trends in data

The 'Be chemistry of uncultivated sites allows a general assessment of erosional
and depositional processes during the history of loess deposition and hillslope deg-
radation. Ridgetop soils are characterized by an accumulation of organic carbon
and surface enrichment of radiocarbon and '°Be isotopes (Figure 2a, b, ¢). Although
others have found '°Be to be most concentrated in deeper subsoils (B horizons) as
a result of sorption to and translocation of secondary minerals (Pavich et al. 1984;
Gu et al. 1997), the near-surface concentration of '“Be in the uncultivated profiles
(DP in Figure 2b) is likely due to being a relatively young, unweathered geomor-
phic surface. Low '°Be concentrations throughout the midslope profiles (“upper”
in Figure 2b) indicate that the particles are not exposed long enough to accumulate
Be onto their surfaces. By contrast, the high Be concentrations of the depositional
profiles (especially at depth; “lower” in Figure 2b) indicate that Be inputs are high
and/or the particle surfaces are exposed long enough for Be to accumulate. The
differences in '°Be between the slope positions are maintained at depth, which
likely indicates a long history of Be transfer from the upper to lower slopes. As a
result, hillslope degradation has likely occurred simultaneously with loess accumu-
lation in this upper part of the loess section.

The dynamics of carbon cycling during landscape development can be studied
by comparing carbon chemistry to '°Be for soils of different slope positions. Car-
bon and radiocarbon, although like '°Be are concentrated at the surface, have simi-
lar depth profiles among ridgetop, midslope, and lower slope positions (Figure 2a,
c), which indicates a very fundamental difference between the ways Be and C are
cycled through soil. Whereas both elements ultimately have an atmospheric source,
19Be is refractory (high valence, small size, high sorption potential) and therefore
conservative to soil, while carbon is continually replaced by plant additions and
decomposition losses.
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Figure 2. Depth profiles of %C, '°Be, 14C, and 13C for Dinesen Prairie (2a—d) and Treynor Cropland
soils (2e—g) for ridge, midslope, and lower slope positions. Data from Harden et al. (1999), for profiles
DPPR3, 4; DPPU2a, b, ¢ and DPPL2a, b, ¢ (composite for '°Be; average for other analyses); TRPR1;
TRPU2a, b, c.

Stable carbon isotopes of soil and loess at the uncultivated DP site appear to
record a history of vegetation shifts that have been reported in other studies
throughout the central US (Muhs et al. 1999). The shift in deep loess deposits that
contain carbonate (below 1 m, Figure 2d, —23 to —16 delta '3C values) is similar to
the '3C profiles of stalagmite limestone and pollen assemblages from central Iowa
(Baker et al. 1996), which are hypothesized to represent a shift from boreal wood-
land to prairie during the Holocene or late Pleistocene. Stalagmites contain carbon-
ate that has been shown to be in equilibrium with soil atmospheric CO, at the time
of carbonate precipitation. There is a subsequent shift toward more negative '>C
values in the upper 0.5 m of soil organic matter (Figure 2d), which is consistent
with a recent shift toward C4 plants. Radiocarbon ages of bulk organics and their
stable isotopes are consistent with the regional pattern of climate and vegetation
change, which suggests that the carbon in loess is derived from local to regional
plant matter. The caveat to this interpretation of course is that soil processes may
have altered (by making younger) the radiocarbon age of the sediment.

Radiocarbon chemistry helps to elucidate sources of organic carbon and replace-
ment of soil carbon by plant inputs (turnover). The nearly linear decline with depth
in '*C values in uncultivated DP soils (Figure 2¢) indicates a changing mixture of
modern carbon (FM values around 1) with old carbon (**C of 0.6 or less). Most
soil '"C trends of other studies show a dramatic, often exponential decline in '*C
with depth (Trumbore 1993; Wang et al. 1999), likely because most of the surface
organic matter has much faster turnover and does not contain old forms of organic
matter. A comparison of radiocarbon content of soils sampled in 1963 to that of
soils sampled in 1997 (Figure 4) is a measure of the replacement of soil carbon
over the past 30 years. As a result of above-ground weapons testing that peaked in
1964 (Trumbore et al. 1990), plants and subsequently soil organic matter became
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labeled with 'C after 1964. Although very fast cycling forms (“pools™) of soil or-
ganic matter would reflect only the previous year(s) of atmospheric '“C, slower
cycling forms (slower pools) reflect an accumulation of radiocarbon that decom-
poses over decades to millennia. The cropland soils are enriched in radiocarbon in
the upper 20 cm (comparison of 1963 samples to the cropland samples from the
ridgetop, TRR, Figure 4) indicating that plant inputs occurred mainly in the topsoil
and were retained in stable pools of organic matter. By contrast, radiocarbon en-
richment in the prairie soils indicates significant input and retention to depths of 1
m or more. These inputs are likely in the form of roots, dissolved organics, and soil
mixing from the surface.

A comparison of radiocarbon to '°Be data in uncultivated soils demonstrates the
contrasts in element cycling and soil development between erosional and deposi-
tional landforms. Erosional midslope (DPU) and depositional lower slope (DPL)
soils at the prairie have slightly greater carbon and '*C enrichment than the ridge-
top profiles (Figure 2c), which is consistent with the hypothesis (Harden et al. 1999)
that dynamic replacement of C during erosion results in incorporation of enriched,
bomb-spike *C. In this hypothesis, while uneroded soils maintain both older C and
'4C-enriched carbon, eroded soils lose both types to erosion but replace (through
plant inputs) only the recent carbon that is '*C enriched. Continual sedimentation
at DPL, supported by '°Be enrichment of deep sediments (Figure 2b), reflects the
14C-enriched source from the midslope (DPU). By contrast, '°Be at the eroding
DPU site is very low in concentration, reflecting a long history of erosion from the
site.

An assessment of both '°Be and C data in cropland soils reflects impacts of ero-
sion and cultivation on soil material and soil chemistry that have occurred over the
past 150 years. Cropland soils have some dramatic contrasts to the undisturbed
prairie. First, organic carbon content at stable ridgetops is significantly lower at
cropland than prairie sites, yet '°Be at the ridgetops is fairly similar in concentra-
tion, suggesting that little erosion has occurred at the cropland ridgetop and that the
differences in carbon between prairie and cropland are not due to erosion. The lower
carbon content at the cropland ridgetop is therefore due to accelerated decomposi-
tion and changes in biomass that occurred as a result of farming. At the eroding
midslope, however, '°Be is dramatically lower at the cropland than the prairie
(Figure 2b, f). At the depositional sites, '°Be concentrations are quite low in the
upper 40 to 60 cm of the cropland site, but are similar to prairie-site sediments
below about 40 cm. It appears that the eroded profiles have been truncated to depths
well below the zone of Be concentration, producing the low depositional signature.
Depositional sites may reflect a chronology where eroded sources were originally
enriched in Be (at the soil surface) and then later depleted of Be as truncation pro-
gressed.

Using '°Be to Model Loess Accumulation and Hillslope Degradation

We constructed simple mathematical models to understand the interplay between
loess accumulation, hillslope degradation, agricultural modification, and soil for-
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mation. We used '°Be isotopes to estimate the timing and rate of loess accumula-
tion and hillslope degradation. We then used '*C and '*C isotopes to understand
inter-relationships of organic matter and soil formation with loess and hillslope
processes.

Loess accumulation and hillslope degradation greatly affect '°Be concentrations
and rates of 'Be accumulation through the profile. Ages and rates of loess accu-
mulation can be approximated by the inventory of '“Be that accumulates over time,
assuming a constant rate of '°Be input:

t= — 1/Mn[1 — AN/q] (1)

where t, time in years; A radiodecay of '°Be; N inventory of '°Be in atom/cm?; q,
atmospheric fallout in atom/cm?/yr corrected for intrinsic or inherited dust. We first
calculated ages using a total atmospheric flux (q) of 1.3 * 10® atom/g/yr or 1.3 *
10 atom/cm?/yr for 100 cm/yr rainfall (Monaghan et al. 1986) (Table 1). Based on
a 'Be inventory observed for the upper 260 cm at Dinesen Prairie Ridgetop (DPR),
the loess at a depth of 300 cm would be ~ 23,000 yrs old (Table 1), which is too
old based on a radiocarbon date on a snail shell from about 23 m depth (see For-
man et al. (1992)). If we introduce a term for '°Be inherited in the dust (“intrinsic”
19Be of Gu et al. (1996)) then the upper loess is as young as 4400 yrs if the intrin-
sic Be flux is 5X that of the atmospheric deposition (Table 1, scenario 3). The latter
example was included because by extending the concentration and bulk density data
from our 3 m sample to a depth of 23 m where the loess section was dated at 20,000
yrs (see Forman et al. (1992)) a very high intrinsic dust flux is required. Moreover,
an average concentration of 2.2 10® atom/g with 0.02 g dust/cm?/yr was used for
the minimum age analysis because these values are consistent with paleodeposits
modeled by Gu et al. (1996) (see Table 1 caption). However, these young ages also
infer loess accumulation rates of 0.15 g/cm?/yr at 4,400 years to 0.02 g/cm?/yr his-
torically, which are anomalously high for well dated loess sequences (Gu et al.
1996), but are more similar to rates for Pleistocene loess elsewhere in the Missis-
sippi valley (Forman et al. 1992). The two extreme age scenarios, although greatly
disparate, likely bracket the absolute ages of loess deposition for the uppermost 3
meters of sediment. As a compromise between the extremes, we devised an inter-
mediate age for the loess based on intermediate values for intrinsic Be (Age sce-
nario 2, Table 2). All age estimates assume that atmospheric deposition rates have
not changed over time, and that inherited or “intrinsic” Be from reworked sources
has also not changed over time. Indeed, even the relative ages could be wrong if
either of these assumptions is not met. However, the chemistry of these loess sec-
tions has been shown to be fairly consistent in the upper 20 m (Muhs and Bettis
2000), suggesting that source areas for the loess have not changed recently. Nev-
ertheless, independent radiometric ages throughout the section would better resolve
the depositional history.

Dividing the soil mass by the age provides a rate of loess accumulation for the
post-glacial history (Table 1). For both age scenarios, loess accumulation rates are
higher by a factor of 5 in the earlier, basal sediments than the later, surficial sedi-
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ments. The slowing accumulation rate toward the present is consistent with increas-
ing '°Be concentrations toward the surface (Figure 2b, Table 1), as atmospheric
additions of '°Be are allowed to accumulate in a stable soil surface.

Hillslope degradation at the uncultivated Dinesen Prairie was examined quanti-
tatively by using the basic equations of Brown (1987) to examine the timing of
hillslope degradation and its relationship to loess accumulation:

N=(g—en[l—e M)A )

Where N is '°Be inventory (which we measure); q atmospheric fallout rate of '°Be
in atoms/cm?/yr; € erosion rate in g/cm?/yr; m is concentration of '°Be in eroding
material; A is the radiodecay rate constant for '°Be; and t is time elapsed. Using the
ridgetop profile at the prairie site, we set € = 0 for a no-erosion control, which re-
duces Equation (2) to be the same as Equation (1). Therefore, loess ages and loess
accumulation rates are defined by atmospheric fallout rates at the ridgetop (with or
without intrinsic, inherited Be), and redistribution of loess along the hillslope is
defined by €, which is estimated from model-data comparisons. The concentration
of eroding material 7 is assumed to be equal to uppermost layers of the midslope
DPU at each time increment. Using the ridgetop rates and model ages (Table 1
model age 2) for loess accumulation, we then calculate the adjusted thickness of
the DPU and DPL sites so that we can compare depth plots of data vs model re-
sults.

Zsoil , = Zsoil,, + (A Loess,, — €)/BD (12 — t1) 3)

soil
where Z is depth in cm, A is accumulation rate and € is erosion rate both in g
sediment/cm?/yr, BD,,, is bulk density of initial loess material of 1.3 g/cm? (Ta-
ble 1, bulk density of deep loess), ¢ is time. For each time increment (12—¢/ from
model age 2 in Table 1), the sediment thickness (Zsoil,, in cm) is adjusted by loess
accumulation and erosion rate. For plotting purposes, the basal age for the mid and
lower slopes is adjusted so that t = 0 at Z = 280 cm; rates of loess accumulation
after r = 0 are defined by loess accumulation rates at the ridgetop as adjusted for
hillslope erosion and deposition (Figure 3 caption).

The curve shapes of the '°Be model (Figure 3a) generally match the '°Be data
(Figure 3b) in that '°Be accumulation rate is highest in the lower slope, lowest in
the upper midslope, and intermediate in the ridgetop position. Using the interme-
diate age scenario (Table 1), a constant erosion rate of ~ 0.002 g/cm?/yr provides
the best fit to '°Be data at the eroded midslope DPU site (Figure 3a vs Figure 3b).
By contrast, the minimum age scenario requires erosion rates of .009 g/cm?/yr for
a good model-data fit, therefore the sensitivity of the erosion rates to initial ages
and Be fallout rates is great. Regardless of the age model and regardless of the
source for Be (whether atmospheric or intrinsic), however, these results demonstrate
that the loess (dust) is blowing onto the slope and being redistributed by hillslope
erosion throughout the model years. The dissimilarities between model and data
curves are also noteworthy, particularly the separation of data curves (Figure 3b)
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Figure 3. Model results and data for depth plots (a, b) and age plots (c, d) for Dinesen Prairie slope
positions. Models (a, b) are based on Equations (2) and (3) starting at the basal depth and using 7 of
0.44* 10%atom/g, q of 1.3*10%atom/g/yr, and € of zero for ridgetop, 0.001 g/cm?/yr for eroding, and
—0.003 g/cm?/yr for depositional sites. The '°Be concentration n for each time increment t was set to
equal '°Be inventory of t—1 previous time increment, divided by bulk density of 1.3 and 20 cm depth
increment. Model '°Be ages (c) are calculated from Equation (1) for ridgetop positions, initializing '°Be
accumulation at 17,000 years at the base according to Model age 2 in Table 1. Data for '°Be inventories
(b, d) and radiocarbon ages from Table 1, using uncalibrated age = —8033(In FM), where FM = '“C/'>C.

for the different slopes as compared to model curves (Figure 3a). It is possible that
early erosion of the hillslopes involved other sources of Be (reworked dust) or dust
accumulation rates that were not constant with time. Overall, however, the differ-
ence in Be accumulation rates among ridge, midslope, and lower slope positions
(Figure 3a, b) indicate that hillslope degradation likely occurred simultaneously
with loess accumulation for the past several millennia.

Organic carbon and *C
Organic matter accumulation occurs on young (late Quaternary) landforms (Harden

et al. 2001; Birkeland (1984, 1999)). Therefore, radiocarbon should be a sensitive
measure of landscape change because soil carbon is replaced by plant inputs (turn-
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Figure 4. Radiocarbon content of 1963 and 1997 samples of ridgetop soils.
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over) on timescales of years to millennia (Trumbore et al. 1996) and because the
radiodecay half-life of '*C is about 5700 yrs.

Bomb-spike radiocarbon is present in the upper 1.5 m of soil, whereas the or-
ganics below 1.5 m are not affected by bomb-spike radiocarbon (Figure 4) and
therefore are not likely part of the modern soil and plant system. Bomb-radiocar-
bon may influence the curvilinear trend in the Be-'*C curve of the depositional site
(Figure 3d), since the model does not contain bomb-spike additions. Since even the
slowest pools of organic matter (estimated at 600—1500 yrs by Manies et al. (2001))
would have decomposed within 500—-1500 yrs since deposition, we can discern that
decomposition rates are dramatically reduced below 1.5 m, which is consistent with
the findings of Trumbore et al. (1996) and equations of Rosenbloom et al. (2001).

Within the upper meter, "“C ages diverge from '°Be ages (Table 1) according to
assumptions about intrinsic (inherited) Be. Two possibilities exist for explaining the
radiocarbon age of deep loess: (1) newly accumulating soil organic matter is gen-
erated at the surface and then buried by accumulating loess, or (2) new soil organic
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material is mixed with old or even “radiocarbon dead” organic material during loess
deposition. In model 3, ~80% of the Be would have to be “intrinsic” in order to
satisfy the 20,000 yr age at 23 m (see above). However, based on '*C content of
the soils, no more than 15% of the carbon could be derived from ancient (radio-
carbon dead) deposits because modern carbon has a maximum FM value of 1.8.
Therefore, soil organic matter incorporated into loess likely accounts for the ma-
jority of buried carbon in the loess.

Agricultural modification at the Treynor Cropland Site

Since the advent of agriculture in Iowa ~ 150 years ago, the amount of '°Be added
by atmospheric fallout has been exceedingly small (1.9 * 108) relative to the amount
accumulated in the profile over several millennia (1-3 *10'°). Although some soil
environments could potentially alter the sorption capacity of '°Be, the soils of this
study are nearly pH neutral, well drained, and are not likely to alter the '°Be sorp-
tion or concentration in only 150 years. Models for '°Be for the past 150 years,
therefore, do not need to account for radiodecay and therefore '°Be can be used as
a tracer that is conservative to the soil as it mixes and moves with agricultural
management practices.

Using the Dinesen Prairie midslope as a control site, we estimated that the erod-
ing midslope TRU soil has likely lost ~42 g/cm? of sediment over the past 150
years. Whereas the depth profile of '“Be at the cropland ridgetop is fairly similar to
that at the prairie ridgetop (Figure 2b, f), the upper profile at the eroded midslope
position at the cropland (Figure 2f, TRU) has concentrations typical of depths >100
cm at the prairie site (Figure 2b, DPU). The simplest way to interpret this differ-
ence is to assume that the cropland site lost about 60 cm of soil to erosion. The
abrupt change in '*C (Figure 2h, TRU) and the steep decline in C and '*C in this
profile supports an erosion into deep, old layers that contain carbonate. 60 cm re-
presents about 42 g/cm? of soil that eroded over a period of 150 years, which
translates to a rate of 0.27 g/cm?/yr. By comparison, Manies et al. (2001) estimated
erosion rates of about 0.2 to 0.6 g/cm?/yr from the cropped Treynor watershed (not
just the midslope) based on cropping and management history and on recent '3’Cs
data (Spomer et al. 1985).

While there is evidence for recent deposition at the cropland’s lower slope, the
depositional history is more complicated than the erosional history at the midslope.
Below about 80 cm, '“Be profiles are similar between the cropland and prairie sites
(Figure 2b, 2f), but above 80 cm, cropland soils have relatively low '°Be concen-
trations at the surface and intermediate concentrations at 60—80 cm. We think that
the uppermost layers (to 20 cm) are derived from a mixture of deep subsoils (typi-
cally 0.7*108 '°Be atoms/g; Figure 2f) and topsoils from eroding slopes. In the field,
we noted a subtle soil boundary at 40 cm that appeared to be a buried surface at the
depositional cropland (TRL), which is consistent with the peak in '°Be concentra-
tion at that site. Treynor’s original surface could be at 40 cm depth, or it is also
possible that ~ 40 cm of soil was first eroded from the site and then replaced with
more sediment.
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Carbon and radiocarbon at the cropland (Treynor) sites show a fundamentally
different response to agricultural modification as compared to '°Be. Whereas the
19Be depth profile is dramatically truncated by erosion at the eroding midslope
(Figure 2f, TRU), the radiocarbon content of the surface layers is maintained at a
value similar to the prairie surface, and the radiocarbon profile is steepened rather
than truncated (Figure 2g). At the depositional sites, radiocarbon appears enriched
throughout the upper meter of soil, rather than being similar to deep layers at the
eroded site. It is likely that the lower slope at the agricultural site is receiving sedi-
ment from the eroding topsoil (which is consistent with the '°Be interpretation),
and that the topsoil is continually replacing carbon (enriched in radiocarbon) to the
uppermost, eroding layers. As a result of this dynamic replacement of C, radiocar-
bon in the depositional layers is enriched relative to the ridgetop profile. If true,
then the buried soil detected at 40 cm is not likely the original surface because the
radiocarbon enrichment occurs below 40 cm and continues to a depth of 1 m. Al-
ternatively, rooting or leaching processes could be enriching the carbon below that
boundary.

The amount of C transferred through an eroding site by the processes of dy-
namic loss and replacement can be compared to the amount of Be being transferred
by erosion and deposition. Manies et al. (2001) used local Iowa data for climate
and cropping history to parameterize the Century model at the Treynor sites and
produced estimates for storage and turnover of fast, slow, and very slow cycling
carbon for the top 20 cm: Based on her study, the midslope position at the Treynor
cropland likely started with ~1.36 g/cm? of carbon in the upper 120 cm. The
cropland site gained ~5 g/cm? of carbon by net primary production (NPP) over
150 years and lost ~2.5 g/cm? to harvest, ~3.7 g/cm? to decomposition, and
~ 0.5 g/cm? to erosion. The eroding site probably acted as a net source of CO, in
its early history, and upon fertilizer inputs may have acted as a net sink for C
(Harden et al. 1999), depending on whether the eroded material was protected from
decomposition. Over the past 150 years therefore, ~60% of carbon exports were
replaced (soil inputs 2.5 to soil losses of 4), whereas ~ 3% of '°Be exports (1.9%10%
in to 5.96*10° out) were replaced, representing a twenty-fold difference in the rate
of replacement or cycling of these elements through the soil. Based on the redis-
tribution of '°Be, ~ 12% of carbon exports were lost to erosion in the past 30 years
on the cropped midslope, the remainder being lost to decomposition. Moreover, that
12% has likely been exchanged through input and decomposition and mixed with
bomb-spike radiocarbon. As a result, agricultural modification directly affects the
areal distribution of both '°Be and '*C, but the dynamic exchange of C through
soil results in a ubiquitous distribution of bomb-spike radiocarbon that masks the
local and regional effects of erosion and deposition.

0-20 cm turnover time
SOMI1D 2-3 yr
SOM2C 20 yr
SOM3C 570y
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Conclusions

Many geologic studies have presented geomorphic and soil processes as separate
events in time. For example, the term ‘soil forming intervals’ was applied by Mor-
rison (1978) to sequences of deposits that were ‘separated’ by buried soils in semi-
arid regions where shifts in climate were thought to be alternately conducive or
hostile toward soil development. Subsequently, several workers (Birkeland and
Shroba 1974; Marchand and Allwardt 1981; Chadwick and Davis 1990) clarified
that rates of alluvial, eolian, and colluvial deposition varied by orders of magnitude
over recent millennia, and that sedimentation rates, not pulses of warm or wet con-
ditions, were key to the formation and preservation of soils. This study illustrates
that soil-forming processes — in this case carbon turnover — proceed simultaneously
with landform evolution — in this case erosion and deposition- and that geologic
studies should incorporate both geomorphic and soil processes in descriptive or
quantitative models. In answer to questions posed in the introduction:

1. Carbon cycling is impacted by landform processes that (a) bury and protect car-
bon from decomposition, and (b) expose carbon that was previously protected
from decomposition. Be isotopes act as tracers to soil materials that were eroded
in recent centuries during which time Be isotopes have not had time for signif-
icant radiodecay.

2. Loess accumulation rates were most rapid during the late Pleistocene and de-
clined (3-5 fold) toward the present. The loess hills were likely forming during
loess accumulation.

3. Organic matter in deep loess material likely originated from surface soil pro-
cesses during loess accumulation. There is no strong evidence that the deep or-
ganic matter significantly pre-dates the loess deposition.

4. Agricultural modification greatly increased erosion rates in this region, resulting
in dramatically altered soils, in some cases changing the soil order from Mol-
lisol to Entisol.
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