


Author's personal copy

but with notably thicker and more spatially extensive carbonate
coatings on gravels and more prominent clay films. The average pH of
Qt8 soils is 7.3±0.6 (H2O) and 7.0±0.4 (CaCl).

Soils developing in Qt6 deposits (median age 12,525±400 ybp;
Tables 1 and 2; Fig. 3c) are consistently characterized by Ap-AB-Bt-Bk-
C profiles with Stages II–III carbonate accumulation andmany, distinct
well-developed clay films coating ped faces and grains. Relatively
thick (2–5 cm) carbonate pendants are common on clast bottoms and
carbonate is found throughout the matrix in gravel deposits. Fine-
grained deposits consist of abundant filaments and small nodules
(b2mm) of carbonate. The average pH of Qt6 soils is 7.6±0.2 (H2O) and
7.2±0.3 (CaCl).

Soils developing in Qt5 deposits (median age 22,950±800 ybp,
Tables 1 and 2; Fig. 3d) are characterized by thick (N300 cm) cumulic
Bt-Bk-Ck or Bk-Ck profiles with distinctive light yellowish brown to
pale olive dry colors (Munsell Soil Color Chart) and Stages I−–II
carbonatemorphology. Thus, the clear trends inmorphologic Stages of
carbonate accumulation in Bk horizons and the associated ‘decalcifi-
cation’ of overlying Bw and Bt horizons do not continue for deposits
older than those of Qt6. Maximum Stage of carbonate accumulation
for Qt5 and older soils is Stage II, with some profiles exhibiting no
evidence of accumulation of secondary carbonate. Deep exposures of
Qt5 soils (Fig. 4) indicate that the bulge in carbonate content for these
soils continues to significant depth. The pH of Qt5 deposits averages
8.0±0.3 (H20) and 7.9±0.2 (CaCl). Descriptions of Qt4 deposits are
limited to auger cores which share similar soil characteristics to Qt5
soils suggesting that these deposits are relatively close in age. Poor
exposure precludes characterizing specific characteristics of Qt4 soils.
Nevertheless, Qt4 is clearly distinguished from Qt5 because its strath
consistently sits 3–5 m above that of Qt5 on both sides of the valley.
Field relationships make it unlikely that Qt4 units represent
differentially uplifted Qt5 terraces.

Poor exposure of Qt3 and Qt1 (~120,000 ybp and N200,000 ybp)
deposits precludes drawing rigid conclusions about the relative

differences in soil morphology between these deposits. Nowhere in
the Reno Valley did we observe a complete exposure of the weathering
profile of these terraces. Two ~1.5 0 meter deep soil pits (Fig. 3e and f)
dug in terrace treads for a Qt3 and Qt1 surface shared many
characteristics. Both pits exhibited well-developed structure and very
prominent and abundant clay films (Table 2). Lack of significant
morphological variability between these soils suggests that the rate of
change of soil morphology has slowed significantly by Qt3 time.
Qualitative observations from road-cuts of deeper portions of soils
indicated that carbonate accumulation is highly variable between
exposures. In some cases, Stage III morphology is evident; in other
cases, including the Qt3 exposure (RVI 8 in Table 2), there is no evidence
for carbonate accumulation. The one soil exposure of Qt3 exhibited no
secondary carbonate, however white filaments of an unknown white
substance (possibly gypsum) have a filamentous morphology typical of
secondary carbonate, but do not react with HCl. If these filaments are
relict gypsum, their presence would indicate soil development during a
significantly dryer climate than those currently affecting the Qt3 soil.
This Qt3 soil is located on a terrace remnant that is isolated from
surrounding scarps or hillslopes. The Qt1 soil pit that we described is
located on a remnant that is still attached to the adjacent hillslope. This
pit exhibited some secondary carbonate in the lower portions of the
profile. The average pH for the Qt3 soil is 4.8±0.2 (H2O) and 4.6±0.3
(CaCl), while that of theQt1 soil is 6.2±0.9 (H2O) and6.0±0.5 (CaCl)with
overall higher pH in the lower 50 cm of the ~170 cm pit.

The progressive increase in secondary carbonate Stage in Bk
horizons of Reno Valley soils up through Qt6 time is similar to that
which has been observed in numerous other chronosequences in arid
and semi-arid environments (summarized in Birkeland, 1999). Stages
of carbonate development progress as predicted for Reno valley soils
younger than Qt5 (about 20,000 ybp), with increasing thickness and
extent of carbonate coatings on clasts and infilling of matrices.
Carbonate Stage reaches a maximum in Reno Valley soils by Qt6 time
(~12,000 ybp). The rate of development for these soils to a Stage III by

Fig. 4. Depth profile plots of total horizon mass of carbonate (g/cm2) for representative soils of different terrace units. See Table 1 and text for age determinations.
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12,000 years is on the high end of those documented for other
carbonate-bearing parent materials (e.g. Reheis et al., 1992.), no doubt
due to the muchwetter climate (70 cm/yr) of the study area compared
to that of previous chronosequences (15–45 cm/yr). Nevertheless,
carbonate Stage for soils younger than about 12,000 years is a good
predictor of soil age in the Reno Valley.

For deposits older than 12,000 years old, there is significant spatial
and temporal variability in carbonate morphology accompanied by an
overall decrease in carbonate Stage. This trend is not consistent with
those observed in more arid environments where carbonate Stage
continues to increase for increasingly older soils. We suggest that the
lack of an age-trend in carbonate morphology for older soils is a
function of crossing of a hydraulic threshold for carbonate accumula-
tion during past climates.

Wetter past climates are indicated by the morphologic character-
istics of soils examined. Regardless of age, Reno Valley soils are
characterized by mottles, manganese (Mn) nodules, and other
indications of alternating redoximorphic conditions. Mn nodules are
consistently 1–3 mm regardless of deposit age, and mottling appears
to vary by local landscape position or sedimentology rather than by
deposit age. For example, mottles and nodules are common and well-
developed at bedding planes that separate sand and gravel facies or at
sediment bedrock interfaces where water movement is hampered by
changes in permeability or water potential. Reno Valley soils also
commonly exhibit visible evidence of dissolution of secondary
carbonate such as etched or discontinuous carbonate coatings on
clasts or ped faces. Reno soils commonly contain individual horizons
that exhibit both secondary carbonate and clay films; in some cases
carbonate is present as coatings on clay films along ped faces, and in
other cases vice versa. Favorable hydrologic conditions for the
accumulation of these two constituents are sufficiently different that
their coexistence indicates fluctuating hydrologic conditions at the
depth of the horizon in question from those conducive the precipita-
tion of carbonate to those favoring translocation of clay. Similar
variability in the depth of precipitation of carbonate has been
observed in other soils (McDonald, 1994), and has been attributed to
changing climatic conditions, with carbonate being precipitated
higher in the profile during dryer times.

All of these data point to spatially and temporally variable
hydraulic conditions in Reno Valley soils, even during the Holocene.
While such variability is predictable and expected, in the case of the
Reno Valley, modern precipitation averages ~700 mm/yr, at the
theoretical cut-off range for carbonate accumulation. Thus any slight
shift in climate results in the crossing of the pedocal–pedalfer
threshold, and thus in a dramatic change in soil-forming processes
from those of carbonate dissolution to those of carbonate precipitation
or vice versa. Our observations indicate that Holocene climate
conditions appear to episodically favor precipitation and dissolution
of carbonate in certain portions of the soil profile, with an overall net-
accumulation in Bk horizons. Despite evidence of temporally varying
soil moisture regimes, however, an overall age-trend is evident in
carbonate accumulation during the Holocene, suggesting an overall
net retention of carbonate in Bk horizons for these soils.

We propose that soils older than ~12,000 ybp have experienced
sufficiently wet climates such that carbonate has been more
completely leached from these profiles at times in the past. Leaching
trends are not consistent for soils of similar age, however, because
some older terraces are subjected to episodic burial by colluvial
material. This addition of fresh carbonate potentially offsets previous
leaching of the original terrace deposit. For example, Qt4 and Qt5
terrace treads are typically located adjacent to a steep Qt3 riser, and
addition of colluvium rejuvenates carbonate accumulation within the
profiles, despite leaching. Thus these soils have maintained a Stage II
carbonate morphology. For the oldest Qt1 and Qt3 soils, terrace treads
have been ‘detached’ from adjacent hillslopes by tributary dissection.
Carbonate is often not preserved despite continued eolian inputs that

are evidenced in the Fe/Fe data (see below). Our data fromQt1 and Qt3
soils suggest that any contribution of calcite from dust input is
balanced by effective leaching possibly due to the overall lower pH of
these mature soils, or by erosion of that volume of carbonate during
modern climates from upper portions of the soil. With increasing age,
time-variant soil moisture regime and spatial variability in colluvium
deposition appear to overshadow any apparent age-related trends in
pedogenic carbonate for soils older than ~12,000 ybp. Our results
suggest that once deposits become decalcified, unless there is
continued addition of colluvium onto the terrace tread, no further
accumulation of carbonate occurs in the matrix.

4.2. Soil profile distribution of measured carbonate in the b2 mm fraction

The profile distribution of measurable carbonate in the fine
fraction of Reno Valley soils also varies as a function of deposit age,
with the depth of carbonate depletion generally increasing for older
deposits (Fig. 4). Despite a general increasing development of profile
carbonate morphology and Stage, however, there is only a weak
positive trend in normalized profile mass of carbonate in the fine
fraction (Fig. 5) in Reno Valley soils from Qt9 to Qt6 time. We attribute
this lack of trend to two causes. First, a stronger trend might be
evident if clast coatings were included in profile mass calculation (ala
McDonald, 1994; Amoroso, 2006). Abundant quantities of secondary
carbonate are potentially caught up in the thick coatings that we
observed on clasts in Qt6-aged soils. Thus it is important to distinguish
the measurable content of carbonate from the observable profile
carbonate morphology. Carbonate stage, particularly for Stages I–III, is
primarily based upon clast coatings and nodules. Once precipitated,
these forms of secondary carbonate are less-susceptible to dissolution
that disseminated carbonate in the soil matrix. Carbonate could thus
be lost from the b2 mm fraction without significantly affecting the
carbonate morphology. Variability in the measured content of the
b2 mm fraction would thus be more likely to vary as a function of
landscape position and hydrology than would carbonate morphology
or Stage.

Secondly, young Qt9 soils exhibit little evidence of redistribution of
calcium carbonate from upper horizons to lower ones (Fig. 4). Weight
percent calcium carbonate averages 22+/−6 for all horizons in these
soils. There is moderate to good correlation between weight percent
carbonate and percent sand (Pearson P-Value=0.02; R2= .58) or silt
(Pearson P-Value=0.006; R2= .69; Fig. 6) in Qt9 soils. This correlation
and the lack of down-profile variability in soil development for Qt 9
soils suggests that the distribution of carbonate in these young soils
reflects the natural variability in parent material carbonate content of
different sized sediment carried by the Reno. Such variability could
obscure quantifiable trends in the b2 mm fraction of secondary
carbonate for older soils, amplifying the carbonate content in some

Fig. 5. Chronofunction of depth-normalized profile mass of carbonate for Reno Valley
soils. See text for calculation methods. When no 14C datawere available for a specific pit,
averaged age data from the appropriate terrace unit were used. Qt7 age is interpreted
intermediate between Qt6 and Qt8. Error bars are 2σ for both axes. Analytical error on
carbonate is b1% for all pits.
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horizons and dampening it in others. Particle size-carbonate content
correlations areweak for Qt8 and older soils (Fig. 6). For older soils, we
suggest that the distribution of carbonate in the soil profile is
controlled by in situ dissolution and re-precipitation of carbonate as
well as by the carbonate content of the parent material. By Qt8 time,
the upper 60–80 cm of almost all soils are virtually carbonate free and
remain so for progressively older soils.

4.3. Particle size

No significant time-grain size trends are evident in Reno Valley
soils younger than ~20 ka, despite the fact that clay content is typically
observed to increase as a function of soil age, even for semi-arid and
temperate climates (e.g. Birkeland, 1999). Instead, there is significant
between-pit and between horizon variability. For example, the
youngest soils in the chronosequence (Qt 9 soils) are dominated by
silt (average wt.% 53+/−15%) with great variability in sand constituent
(27+/−21%) by horizon, while Qt8 deposits are typically dominated by
sand (average wt.% is 45+/−25%). This variability in particle size likely
represents the textural variability of the parent fluvial sediments at
the time of deposition. These results highlight the fact that in situ
production of clay minerals and the translocation of significant
volumes of clay from upper portions of the soil profile into B horizons
have beenminimal during the Holocene (surfaces Qt 7, 8 and 9), as the
majority of these soils do not contain evidence of translocated clay.

The one noticeable soil-time trend in particle size is the lack of
sand-sized material in the Pleistocene-aged Qt3 and Qt1 deposits. The
Qt1 soil that we described (RVI 3 in Table 2) is composed of N93% silt
+clay in all horizons sampled and the Qt3 soil (RVI8 in Table 2) is
composed of N65% silt+clay in all but the uppermost horizon. The
overall fine-grained texture of these pits likely represents a combina-
tion of processes and factors including addition of wind-transported
dust to the profile, concentration of silt and clay sized residuum from
calcareous parent materials, and weathering of primary minerals into
clay minerals. Other studies document significant Pleistocene loess
contribution to the Mediterranean region (e.g. Trombino et al., 2003),
and it is likely that similar accumulation is occurring in these soils.

4.4. Fe ratios

Generally, the oxalate-extractable (Feo) to dithionite-extractable
(Fed) iron ratio of soils decreases as a function of deposit age because
Fe oxides convert to more stable, crystalline forms in a persistently
oxic, unsaturated setting (McFadden and Hendricks,1985). In contrast,

Thus as might be expected, Reno valley B horizons covary with time in
the Feo/Fd ratios with the exception of the Qt3 soil (Fig. 7). Regardless
of soil age however, surface and buried A horizons have relatively
higher Feo/Fed ratios and we interpret this as evidence for inputs of
unweathered dust, colluvium, and/or agricultural materials to surface
horizons. Thus the higher ratio in the Qt3 horizons could reflect a
buried A horizon that was not evident in the field morphology. Overall
Feo/Fed ratios are a good predictor of soil age in the Reno Valley.

4.5. Soil geomorphology of the Reno Valley

The relative roles of human occupation versus Holocene climate on
landscape evolution in the Apennine Mountains are unclear. Creating a
detailed Holocene soil stratigraphy for the entire lower Reno Valley
enables us to make observations about major periods of erosion and
deposition during this time and to compare the timingof these events to
knownperiodsofHoloceneclimate changeandhumanoccupation.Here
we focus on local hillslope contribution to Holocene terrace treads.

Despite our efforts to avoid colluvium on terrace treads, we none-
the-less noted that many terrace tread surfaces in the Reno Valley are
completely buried entirely by younger colluvium and alluvial fan
material. The majority of tributary fan and colluvial deposits observed
in the Reno Valley and described in this study have 14C ages and/or
soil development which correspond to that of the Qt8 terrace (3730–
6585 ybp, median age—5457±138ybp). We observed many and
described two exposures of alluvial fans with weakly developed
stacked buried soils of this age. One exposure exhibited three buried
soils, two of which preserve well-defined A horizons (RVI 13 in
Supplementary data) dating to ~5400 and ~4500 ybp respectively.
The presence of thick colluvium, alluvial fans, terraces, and buried
soils of these ages in these and other deposits throughout the Reno
Valley suggest that hillslopes and tributary drainages were actively
eroding between 6500 and 4000 years ago, and that this erosion was
widespread and episodic, with brief periods of stability followed by
continued aggradation.

The middle Holocene ages of these widespread colluvial deposits,
alluvial fans and terraces of the Reno Valley consistently predate
estimates of the onset of major Bronze Age agricultural expansion and
deforestation in Italy (~3800 cal ybp). Instead, the ages of these deposits
coincide with a period of the Holocene that has been documented to
have had a significantly different climate than that of the previous and
following periods. Data from a variety of nearby pollen, lacustrine
sedimentation, deep-sea and speleothem records consistently indicate
that the time period bracketed roughly between 6500 and 4000 cal ypb
was marked by a distinctly colder and or cooling climate with overall

Fig. 6. Graph of weight percent silt vs. carbonate for the b2 mm fraction of all horizons
in all Reno valley soils analyzed excluding Ap horizons. Results are grouped by Terrace
Unit. Trendline is a linear regression of Qt9 data only (R2=0.69). R2 values for similar
trendlines from other terrace units are generally b0.2.

Fig. 7. Chronofunction of Feo/Fed ratios for Reno Valley soils. See text for methods. When
no 14C data were available for a specific pit, averaged age data from the appropriate
terrace unit were used. Qt7 age is interpreted intermediate between Qt6 and Qt8. Error
bars are 2σ.
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wetter period from ~6500–5000 ybp (e.g. Ramrath et al., 2000) and
significant drying ensuing between 5000 and 4500 cal ybp (Magri 1997;
Ramrath et al., 2000; Guilizzoni et al., 2002; Spötl et al., 2002; Sbaffi
et al., 2004). There is also thought to have been a corresponding advance
in alpineglaciers throughout thehigh elevationsof theApennines at this
time (e.g.Giraudi, 2005), aswell as annotable clusteringof landsliding in
the northern Apennines including the Reno Valley and elsewhere at this
time period (Bertolini et al., 2004; Soldati et al., 2004). Thus we suggest
that widespread aggradation in the Reno Valley during this time is
attributable to hillslope response to the unique climate conditions of the
mid-Holocene rather than anthropogenically-induced erosion.

The processes linking climate change and hillslope response are
thought to be particularly complex for the Holocene where relatively
minor fluctuations in climate can be strongly moderated by factors
such as bedrock erodibility, soil development or drainage basin size
(Wells et al., 1987; Wells and Harvey, 1987; Harvey and Wells, 1994;
Bull, 1991; Yair and Kossovsky, 2002; Eppes and McFadden, 2008), In
the Reno Valley, mid-Holocene sedimentation is linkedwith an overall
cooler period that is characterized by variable precipitation, however
the majority (7 of 10) of deposits for which we have numeric ages date
to the wetter period of the Mid-Holocene. A variety of climate-related
factors could have therefore led to the increased sedimentation at that
time. These factors include increases in rates of physical weathering
due to cooler conditions, decreases in vegetation due to cooler and/or
dryer conditions, and increased sediment input into channels from
glacial advances and landsliding. All of these climate-related processes
could thus have contributed to aggradation of hillslopes, and/or axial
and tributary streams at this time. Finally, erodible rock types such as
the marls and silty sandstones of the lower watershed of the Reno
Valley are thought to be particularly sensitive to minor increases in
precipitation such as those experienced during the Holocene (e.g. Bull
and Schick, 1979; Bull, 1991; McFadden andMcAuliffe, 1997; Anderson
et al., 2000). Because of the high number of dates linking sedimenta-
tion to the wetter period, we favor a scenario where the relatively
easily erodible rock types of the lower Reno appear to have responded
to a period of increased precipitation in the mid-Holocene between
~6500 and 5000 ybp. The tendency for these rocks to produce fine
sediment is supported by their absence from gravel counts in the
modern channel.

In addition to the influence of climate on sediment deposition,
there is clear evidence of anthropogenic impact on all Reno Valley
soils. Soils of the Reno valley share certain anthropogenic character-
istics independent of deposit age. Ap (plowed) horizons are virtually
ubiquitous throughout the field area. They are typified by 30–75 cm of
homogeneous organic-rich sediment intermixedwith occasional brick
fragments. Contrary to our expectations, however, Ap horizons were
observed to bury more organic-rich non-anthropogenic A horizons in
at least four of the twenty profiles we examined. This burial provides
evidence that agriculture associated with these Ap horizons resulted
in net additions to the soil surface, rather than simple mixing or
erosion of upper horizons in some cases. This result is somewhat
contrary to the widespread view that agriculture induces loss of soil
organic matter and erosion; however, it is not clear towhat extent this
burial relationship between Ap and buried A horizons characterizes
the entire landscape.

5. Conclusions

Surface soils of Holocene age vary predictably with increasing age
in the Reno Valley. In particular, secondary carbonate morphology
progresses from Stage I up to Stage III in soils of ~12,000 cal ypb in
age. Soils developing in deposits older than latest-Pleistocene
however, vary in secondary carbonate content and morphology and
it is suggested that soil climates of the region sit on a threshold
between conditions which favor carbonate precipitation and those
which favor dissolution. Once soils have been decalcified, their

carbonate content reflects a balance between relative inputs by
colluviation and dust and leaching. Soil properties which cannot be
correlated with soil age can be linked to variability in local surface
processes and hydrology. For example, spatial variability in parent
material particle size precludes observation of significant clay accu-
mulation trends with younger soils.

Soil geomorphology and affiliated geomorphic research contri-
butes numeric age data as well as the spatial (map) distribution of
surficial deposits. In this study, we demonstrate the presence of a soil
chronosequence in a typical landscape of the northern Apennines. In
documenting this chronosequence, we provide evidence of wide-
spread aggradation of colluvium and alluvial fan deposits of middle
Holocene Age. This aggradation pre-dates known periods of increased
anthropogenic occupation associated with the Bronze Age. Thus we
suggest that a cool-wet period in the mid-Holocene triggered
widespread colluviation and alluvial fan aggradation in easily erodible
rocks of the lower Reno. In addition to insights into the relative role of
climate and humanmodification on this landscape, our study provides
the basis for a broader tectonic geomorphology investigation of the
northern Apennines (United States National Science Foundation
Continental Dynamics-funded RETREAT project) that hinges on
successful mapping and correlating of fluvial deposits. The evident
signature of soil age relationships in the Reno Valley will allow us and
others to confidently extend mapping stratigraphy to adjacent
watersheds and to develop a model for the tectonic evolution of this
portion of the Apennines. Overall we conclude that Holocene soil
chronosequences can provide relevant information about landscape
evolution in the Apennine Mountains of Italy.
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