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ABSTRACT
We studied the alluvial histories of eight
small (<40 km2) watersheds in the uplands
of northeastern New Mexico. The data come
from radiocarbon-dated sections exposed in
the banks of arroyos and permanent-channel streams. Results show that nine periods
of valley aggradation separated by incision
episodes occurred over the past 12,000 14C yr.
These millennial-scale cycles occurred in
rough synchrony within different drainages.
Parts of some cycles coincided with wellknown climatic fluctuations. For example,
aggradation occurred during the Younger
Dryas chronozone, 11,000–10,000 14C yr B.P.,
and valley fills persisted in incised states
during the early Holocene peak in Milankovitch summer insolation. Incision occurred
early in the Medieval Warm Period (ca. A.
D. 1000–1300), aggradation during the Little
Ice Age (A.D. 1300–1880), and incision during the last century. Changes in precipitation
tied to the strength of the North American
Monsoon system probably drive these cycles
of aggradation and incision: when the system is strong, more frequent summer thunderstorms cause increased flooding in these
small watersheds. Wetter summers over
periods of decades to centuries allow forest
vegetation to spread, which reduces sediment input from hillslopes at the same time
floods are eroding valley fills. Aggradation
of valley fills probably occurs when summer
thunderstorms are less frequent, and large
floods are correspondingly rare. Prolonged
summer drought reduces forest cover, which
increases erosion from slopes and causes sediment to accumulate in valleys. In turn, the
strength of the North American Monsoon
system is probably controlled by fluctuating
†
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sea-surface temperatures. The geomorphic
cycles we describe may reflect a previously
unrecognized, millennial-scale climate oscillation that is important in shaping the landscapes of the southern Great Plains.
Keywords: alluvial stratigraphy, valley fills,
Younger Dryas, Holocene, millennial scale,
climate change, southwestern United States,
High Plains.
INTRODUCTION
Valley fills, bodies of unconsolidated sediment accumulated along valley axes, can be rich
archives of stratigraphic information about climatic change. Their deposits often contain evidence for fluvial events such as aggradation and
incision interbedded with radiocarbon-datable
organic material. Valley fills result from a mass
balance between sediment input from upstream
and/or upslope and sediment exported downstream. In regions where other kinds of proxy
climate records are scarce, valley-fill stratigraphy may provide the best data source for understanding the mode and tempo of prehistoric climate changes.
In semiarid regions, valley fills are particularly sensitive to changes in the moisture regime,
i.e., the seasonality, meteorology, and amounts
of soil moisture and effective precipitation.
Meteorology of precipitation refers to the types
of weather systems that bring precipitation to a
watershed. Effective precipitation is that portion of the precipitation producing runoff. The
heightened sensitivity of valley fills to changes
in the moisture regime comes about because both
the extent of vegetation cover and the transport
of sediment are often water limited in semi-arid
landscapes. Plants supply much of the erosional
resistance forces on hillslopes (Hooke, 2000), so
even slight changes in the moisture regime that
alter vegetation cover can trigger large changes

in the amount of erosion and hence the amount
of sediment that streams must transport (Langbein and Schumm, 1958). Sediment transport
is water limited in semiarid landscapes because
many streams flow only during sporadic floods.
Here we describe the last 12,000 14C yr of alluvial history in headwater drainage basins near
the town of Folsom in northeastern New Mexico.
Our goals are to infer the nature and tempo of
fluvial geomorphic change on this landscape and
to identify its climatic drivers. Our results reveal
multiple cycles of aggradation and incision,
which we attribute to changes in the moisture
regime. These fluctuations in moisture had a circum-millennial scale and so belong to a type of
climate variability that increasingly is recognized
as an important driver of environmental change
in the late Pleistocene and Holocene (Mayewski
et al., 2004; Turney et al., 2005).
STUDY AREA
The valleys we studied drain the high mesas
of the Raton section of the Great Plains physiographic province (Holliday et al., 2002) (Fig. 1).
Most of the stratigraphic sections are in the
headwaters of the Dry Cimarron River (Fig. 2).
We chose this study area for three reasons: it is
at a climatic and vegetational boundary between
semiarid plains and lower altitudinal tree line; it
contains a large number of well-exposed sections
through valley fills; and it is drained by streams
possessing several different types of channels.
Although technically part of the Great Plains,
the study area (Figs. 1 and 2) is not a grassy
plain. This is a high landscape (>2000 m above
sea level) of mesas and volcanic cones, dissected
by streams set within narrow bedrock valleys
(Bryan, 1937). Miocene–Pliocene basalt flows
from the Raton-Clayton volcanic field form the
cap rock of mesas in the area, and overlie thick
sequences of sedimentary rocks in the headwaters of the Dry Cimarron River (Wallace and
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Figure 1. Study area in northeastern New Mexico. Locations of stratigraphic sections (A–C) along Toll Gate Canyon Arroyo, Oak Creek,
and Chicorica Creek are shown. Box shows location of Figure 2.

Lindsey, 1996). Basalt flows repeatedly dammed
the Dry Cimarron River downstream at its confluence with Archuleta Creek (Bryan, 1937),
but not during the past 60 k.y. (Stormer, 1987).
Headwater tributaries have eroded through these
basalts into shale correlated with the Smoky Hill
marl member of the Niobrara Formation (Baldwin and Muehlberger, 1959).
The climate is continental and semiarid. Mean
annual temperature ranges from 7 to 12°C,
depending on altitude (Meltzer, 2006). Mean
annual precipitation also varies with altitude,
ranging from 380 to 590 mm. Cyclonic storms
embedded in the westerlies provide most of the
cool season (October–May) precipitation. Snow
accumulates and melts episodically in winter.
The North American Monsoon system brings
most of the summer (July–September) precipitation in the form of thunderstorms (National
Climatic Data Center, 2003). The North American Monsoon system develops in summer, when
subtropical air masses enter the region from the
Gulf of Mexico and eastern Pacific Ocean in
response to heat lows developed in the continental interior (Adams and Comrie, 1997). New
Mexico is strongly affected by monsoonal rainfall (Douglas et al., 1993), and the influence of
the North American Monsoon system extends
well beyond the study area on to the Great Plains
(Higgins et al., 1997, 1999).
Plant communities in the study area are species
rich and ecotonal in nature because of the steep
altitudinal gradients in climate superimposed on
a rugged topography. Most of the stratigraphic
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sections we studied are located near lower altitudinal tree line, where closed forest gives way
to grassland and scrub. Forest vegetation consists of Ponderosa pine interspersed with thickets of juniper, locust, piñon pine, Gambel oak,
and mountain mahogany. Moist areas below
the cap rock support closed forests of quaking
aspen, Ponderosa pine, Douglas fir, and white
fir. The mesa tops are windswept and support
grass- and forb-dominated meadow communities with copses of Ponderosa pine. Riparian
vegetation is dominated by cottonwood, box
elder, willow, and red-osier dogwood. The position of the study area near lower tree line holds
the potential for large-magnitude changes in
vegetation cover and hence shifts in the erodability of the hillslopes.
The downstream reaches of the Dry Cimarron River, Archuleta Creek, and Oak Creek flow
year-round, but their smaller upstream tributaries have prolonged flow only during the cool
season. In summer, these smaller streams flow
sporadically after thunderstorms. Some of the
headwater tributaries are permanent channeled
streams occupying bedrock valleys mantled by
boulder colluvium. Other headwater streams are
arroyos incised into clay-rich valley fills. These
arroyos are confluent downstream with sinuous,
permanent channels flowing within gravel valley fills. None of the streams we studied have
morphologies characteristic of discontinuous, ephemeral streams (Bull, 1997), in which
arroyos alternate with reaches of aggrading valley floors lacking stream channels. This is an

important point because erosion and deposition
can occur simultaneously in different reaches of
discontinuous ephemeral stream systems (Patton and Schumm, 1981; Bull, 1997; Tucker et
al., 2006). The study streams also differ from
those investigated by Tucker et al. (2006) on the
High Plains of Colorado by being steeper and
their watersheds being dominated by trees and
shrubs rather than grass. Today, the only unincised valley fills are in the extreme headward
tributaries of actively eroding arroyos like Wild
Horse, Hector, and Toll Gate (Figs. 1 and 2).
The major soil-forming processes in the study
involve the accumulation of organic matter,
clay, and calcium carbonate. Modern soils have
mollic epipedons resulting from organic-matter
accumulation, argillic horizons resulting from
clay translocation, and weakly developed calcic
horizons (Gile et al., 1965). Rates of pedogenesis probably are comparable to those in alluvial
deposits in west Texas, where mollic epipedons,
argillic horizons, and calcic horizons can develop
in less than a century (Holliday, 1988, 1990).
Buried soils can be stratigraphic markers
for incision episodes in valley fills affected
by cycles of arroyo cutting and filling. Soil
development often coincides with arroyo incision because arroyos channelize runoff that
otherwise moves downhill as sheetflow, which
locally scours and buries developing soils.
When arroyos are incised and runoff is channelized, pedogenesis can proceed undisturbed
on remnant surfaces of valley fills. Soils frequently are buried after arroyos are refilled and
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Figure 2. Upper Dry Cimarron basin with locations of stratigraphic sections by drainage.
Cherry Creek: A—section A; B—section B. Wild Horse Arroyo: F—Folsom archaeological site;
J—Jaw section; SA—Wild Horse Side Arroyo. Dry Cimarron River: A—Upper Dry Cimarron
River, section A; BP—Bull Pasture section; HA—Hector Arroyo; V—V section, Dry Cimarron
River. Archuleta Creek: A—Upper Archuleta A; B—Upper Archuleta B; C—Upper Archuleta
C; BC—Bone Cliff; B, L—Bison and Long sections; CL—Clam Lake section.

sheetflow again predominates under an aggradation regime (Bendix, 1992). The observation
that soil development coincides with arroyo
cutting is not original. Bull (1997) notes that
times of arroyo incision are recorded by soils
that develop A and cambic-B horizons on valley
floors during channel entrenchment.
Similarly, in valleys with permanent-channel streams, periods of soil development often
coincide with times of channel incision because
scouring and overbank deposition on floodplains
interfere with pedogenesis (e.g., Hall, 1990).
Most soils develop after floodplains become
terraces in the aftermath of incision (e.g., Pan
et al., 2003; Nordt, 2003). This association
between soil development and incision may be
more pronounced where streams flow through
narrow, bedrock valleys. All the stream reaches
we studied are narrow; most are <150 m wide,
some like Cherry Creek and Wild Horse Arroyo
are <100 m wide, and a few like the East Fork
of Chicorica Creek are <50 m wide. Certainly
pedogenesis can occur in the absence of channel
incision if floods are rare enough or of such low
magnitude that scouring and alluviation have
minor impacts on floodplains. Lateral shifts in
channel position over sizable distances can have
the same effect of removing flood disturbances
long enough for soils to develop; however, such
lateral escape is unlikely in the narrow, bedrock-

constrained valleys we studied. Based on these
arguments, the presence of a well-developed
buried soil in a valley fill deposited by an infilling arroyo or by a stream in a narrow bedrock
valley provides supporting evidence for coeval
channel incision.
The study area is unusual because its summer
weather and climate resemble those of the desert southwestern United States, while its coolseason weather and climate are more like the
Rocky Mountains. Similarly, its altitude, topography, stream-channel types, and vegetation
more closely resemble areas farther north and
west in the Rockies than they do the southern
High Plains or the southwestern United States.
Together with its location near lower altitudinal
tree line, this combination of features provides
an interesting and sensitive setting for studying
the effect of climate change on valley fills.
RESULTS: STRATIGRAPHIC
DESCRIPTIONS
We described 20 sections in the field (Figs. 1
and 2); descriptions of the 8 most informative of
these are given here and the rest are in the GSA
Data Repository1. All radiocarbon ages are listed
in Table 1, and all 20 sections are incorporated in
the final synthesis. To save space, we cite radiocarbon ages in the text without their error terms.

The Folsom site lies at the junction of a
small tributary valley and Wild Horse Arroyo.
Upstream of its confluence with the Dry Cimarron, Wild Horse Arroyo drains an area of 5 km2
(Fig. 2). The stratigraphy of the Folsom archaeological site (Meltzer et al., 2002; Meltzer, 2006)
provides a detailed record of incision and aggradation in upper Wild Horse Arroyo, particularly
during the Late Glacial and earliest Holocene. A
summary (Meltzer, 2006) interpretation of alluvial history at the site is as follows.
By 11,370 14C yr B.P., Wild Horse Arroyo and
its unnamed tributary had incised to bedrock at
their present-day confluence. Subsequent aggradation deposited 50–100 cm of angular shale
pebbles interbedded with silty clay. This sediment fines upward into silt and clay containing
charcoal fragments, the oldest dating to 11,370
14
C yr B.P. (CAMS-57513). A Paleoindian
bison-bone bed is contained within the upper
layers of these fine-textured deposits. The average of five radiocarbon ages on the bison bones
is 10,490 ± 20 14C yr B.P. (Meltzer, 2006). Charcoal fragments from the silt and clay burying the
bone bed date as late as 10,010 14C yr B.P. From
this we infer that aggradation occurred from at
least 11,370 to ca. 10,000 14C yr B.P.
Subsequent erosion cut down into the silt and
clay that buried the bones. Although this incision failed to reach the bone bed at the mouth
of the tributary, it eroded into the bone bed in
the main valley. Aggradation followed, depositing a fining-upward sequence containing gravel
and reworked bison bones. In the main valley,
charcoal fragments deposited during this second period of aggradation date between 10,420
and 9220 14C yr B.P. (Meltzer, 2006). The older
charcoal fragments probably were reworked
from the underlying bone-bed deposits. It seems
likely that incision started ca. 10,000 14C yr B.P.
and ended by 9800 14C yr B.P. A second episode
of aggradation probably lasted from 9800 to
ca. 9200 14C yr B.P., the youngest date on charcoal from this stratum (Meltzer, 2006).
Post–9 ka deposits at the Folsom Site were
not studied in as much detail, but at least two
episodes of aggradation occurred after 9200
14
C yr B.P. (Meltzer et al., 2002). Aggradation
of silt and clay occurred between 4900 and 4400
14
C yr B.P., based on the ages of contained charcoal fragments. A layer of gravel interbedded
with silt and clay containing charcoal dating to
1
Data Repository item 2007174, Descriptions of
Other Stratigraphic Sections, is available at http://
www.geosociety.org/pubs/ft2007.htm or by request
to editing@geosociety.org.
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Archuleta Creek, Section C
Beta-184597
Beta- 184596
Beta- 184599
36° 51′ 42.3″

36° 51′ 47.3″

36° 51′ 53.2″

Archuleta Creek, Section A
Beta-184594

Archuleta Creek, Section B
Beta-184595
Beta-184596

104° 4′ 7″
104° 4′ 7″
104° 4′ 7″
104° 4′ 7.2″

36° 52′ 3″
36° 52′ 3″
36° 52′ 3″
36° 52′ 3.5″

Hector Arroyo
Beta-220770
Beta-220771
Beta-220772
Beta-220773

104° 5′ 11.5″

104° 5′ 17.4″

104° 7′ 10.4″

104° 4′ 39″

Dry Cimarron River, Bull Pasture Section
Beta-209437
36° 52′ 38″

104° 3′ 23″

104° 4 ′ 0″
104° 3 ′ 59″

104° 4′ 41.0″

36° 52′ 28.8″

36° 52′ 59″
36° 52′ 56″

104° 3′ 36.9″

104° 3′ 13″

104° 3′ 35″

36° 52′ 43.9″

Dry Cimarron River, Section A
Beta-184593

Dry Cimarron River, V Section
Beta-178745
Beta-172438
Beta-172443
Beta-178744
Beta-184601
Beta-184600
Beta-184602
Beta-209432
Beta-220774
Beta-220775

Wild Horse Side Arroyo
Beta-209440
Beta-209441

36° 52′ 53.8″

36° 52′ 50.5″

Cherry Creek, Section B
Beta-172436

Wildhorse Arroyo, Jaw Section
Beta-172444
Beta-172445

36° 53′ 17.1″

Latitude
(°N)

Cherry Creek, Section A
Beta- 1724356

Laboratory Number

charcoal
charcoal
charcoal

charcoal
charcoal

charcoal

bone collagen
charcoal
charcoal
charcoal

charcoal

charcoal

charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal
charcoal

charcoal
charcoal

charcoal
charcoal

charcoal

charcoal

–21.4
–23.7
–23.9

–23.3
–24.6

–23.1

–14.4
–21.5
–23.9
–23.6

–25.0

–22.4

–21.7
–23.2
–19.4
–24.3
–24.6
–21.4
–22.5
–23.1
–22.4
–25.7

–22.5
–23.8

–22.2
–23.9

–22.9

–22.4

TABLE 1.RADIOCARBON AGES FROM STRATIGRAPHIC SECTIONS?
Location
Dated material
δ13C
Longitude
(‰)
(°W)

3330 ± 40
3600 ± 40
3600 ± 40

3180 ± 40
3230 ± 40

460 ± 40

140 ± 40
4700 ± 40
4570 ± 40
4540± 40

3640 ± 40

3490 ± 40

7700 ± 50
4230 ± 40
2910 ± 40
2530 ± 40
3780 ± 40
4460 ± 40
4720 ± 40
7800 ± 50
7550 ± 40
2480 ± 40

4570 ± 60
4780 ± 40

5080 ± 40
5470 ± 40

4880 ± 40

3700 ± 40

13
C-adjusted
radiocarbon age
(year before AD 1950)

(continued)

3460–3650
3830–3990
3830–3990

3340–3470
3370–3550

335-550

0–268
5320–5580
5050–5450
5050–5320

3860–4080

3650–3860

8410–8580
4640–4860
2940–3200
2470–2750
4070–4260
4950–5290
3500–3640
8430–8720
8220–8420
2360–2720

5040–5470
5330–5600

5730–5920
6190–6310

5580–5660

3910–4150

2σ calibrated
age range
(cal yr before AD 1950)*

Mann and Meltzer

Geological Society of America Bulletin, November/December 2007
36° 55′ 12.7″

36° 56′ 35″

36° 56′ 18″

36° 55′ 44.5″

103° 51′ 13″

103° 57′ 26″

103° 57′ 7″

103° 56′ 46″

East Fork Chicorica Creek
104° 19′ 54″
Beta-209433
36° 57′ 35″
Beta-209434
Beta-209435
Beta-209436
*Calibrated to calendar years using CALIB 5.0 (Stuiver and Reimer, 1993).
?
Does not include 31 radiocarbon dates from the Folsom Site described in Meltzer.

Toll Gate Canyon Arroyo
Beta-178746

Oak Creek, Section C
Beta-209427
Beta-209428
Beta-209429
Beta-209430
Beta-209431

Oak Creek, Section B
Beta-209438
Beta-209439

Oak Creek, Section A
Beta-172440
Beta-172441
Beta-172439
Beta-172442
Beta-184604
Beta-184603

104° 1′ 50″

Archuleta Creek, Clam Lake Section
Beta-172448
36° 51′ 11.5″

104° 3′ 34″

104° 4′ 50.3″

104° 3′ 31.9″

36° 50′ 50.1″

36° 51′ 09.9″

Latitude
(°N)

charcoal
charcoal
charcoal
charcoal

charcoal

charcoal
charcoal
charcoal
charcoal
charcoal

charcoal
charcoal

charcoal
charcoal
charcoal
charcoal
charcoal
charcoal

charcoal

charcoal
charcoal
charcoal
charcoal

charcoal
bison bone collagen
charcoal
charcoal
charcoal

bone collagen
bone collagen
bison bone collagen
bison bone collagen

–23.3
–21.9
–22.2
–23.8

–22.7

–22.7
–22.6
–25.7
–23.1
–26.9

–23.5
–21.5

–24.4
–24.3
–23.4
–25.8
–24.9
–23.7

–24.5

–23.9
–24.9
–24.1
–24.4

–23.4
?
–23.4
–25.3
–24.5

–24.4
–12.98
–9.7
–10.65

TABLE 1.RADIOCARBON AGES FROM STRATIGRAPHIC SECTIONS (continued)
Location
Dated material
δ13C
Longitude
(‰)
(°W)

36° 50′ 50.1″

Archuleta Creek, Long Section
Beta-172449
Beta-172450
Beta-184588
Beta-184587

Archuleta Creek, Bison Section
Beta-172447
CAMS-96033
Beta-184591
Beta-184589
Beta-184590

Archuleta Creek, Bone Cliff
Beta-184586
CAMS-105771
CAMS-105770
CAMS-105769

Laboratory Number

7730 ± 40
3230 ± 50
2860 ± 60
2210 ± 60

1640 ± 40

8700 ± 50
8270 ± 40
8080 ± 40
7800 ± 50
8610 ± 40

4450 ± 60
5700 ± 40

10,080 ± 40
9600 ± 40
8890 ± 40
440 ± 40
8670 ± 40
8740 ± 40

2530 ± 40

5960 ± 40
5580 ± 40
3000 ± 40
8980 ± 40

7280 ± 40
10,190 ± 30
7210 ± 40
9120 ± 40
9170 ± 40

43,720 ± 1230
2740 ± 40
830 ± 40
815 ± 40

13
C-adjusted
radiocarbon age
(year before AD 1950)

8430 – 8590
3360 – 3570
2810 – 3210
2060 – 2350

1410–1690

9540–9890
9130–9420
8780 – 9130
8430 – 8720
9520 – 9670

4880–5290
6400–6630

11,340–11,950
10,740–11,150
9890–10,180
450–530
9540–9720
9560–9900

2470–2750

6680–6880
6290–6430
3070–3340
10,140–10,220

7990–8170
11,640–12,300
7950–8110
10,210–10,370
10,230–10,420

>40,000
2760–2930
680–900
670–800

2σ calibrated
age range
(cal yr before AD 1950)*
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700 14C yr B.P. caps the section above an erosional unconformity (Meltzer, 2006).
V Section, Dry Cimarron River
Description
Two prominent erosional surfaces form an
inverted “V” in this section (Fig. 3). The Dry
Cimarron River drains an area of 26 km2 upstream
(Fig. 2). Sediment at stream level inside the
inverted V is horizontally bedded sand containing charcoal dating to 7800 14C yr B.P. (Table 1).
This sand unit is overlain by a thin lag of cobbles
and boulders in turn overlain by several meters
of horizontally bedded silt and clay separated by
three buried soils. These soils are <15 cm thick
and consist of concentrations of organic matter
with little accumulation of clay or carbonate. On
the downstream side of a striking channel scour
marked by a lag of boulder gravel, horizontal
beds of massive, clayey silt contain charcoal
fragments dating between 4720 and 3780 14C yr
B.P. A prominent buried soil enriched in organic
matter, clay, and calcium carbonate occurs
between bracketing ages of 4460 and 3780 14C yr
B.P. Higher in the section, another buried soil is
between levels dated to 3780 and 2220 14C yr B.P.
Another channel scour forms the upstream side

of the inverted V, where channel lags of boulder
and cobble gravel containing charcoal dating to
ca. 2500 14C yr B.P. are overlain by pebbly, clayey
silt containing slightly older charcoal (2910 14C yr
B.P.). Two poorly developed, buried soils are high
on the right side of the section below the level of a
bison bone dated to 2220 14C yr B.P. (Table 1).
Interpretation
The V section records three episodes of aggradation and four of incision (Fig. 3). The river
eroded down to at least its present level before
7800 14C yr B.P. The valley then aggraded until
after 7550 14C yr B.P. Between 7550 and 4720
14
C yr B.P. the Dry Cimarron again incised to
near or below present channel level. Aggradation was underway by 4720 14C yr B.P. and continued until at least 3780 14C yr B.P. The development of a prominent soil between 4460 and
3780 14C yr B.P. suggests incision event during
this period. After 3780 but before 2530 14C yr
B.P., the Dry Cimarron again incised to at least
its modern level. Aggradation then resumed and
continued through at least 2220 14C yr B.P. The
charcoal sample dating to 2910 14C yr B.P. from
this aggradational unit probably was reworked
from a slightly older deposit. After 2220 14C yr
B.P. the channel incised to its modern level.

4230 40
2220 40

Bone Cliff, Upper Archuleta Creek
Description
Above Prudencio Canyon (Fig. 2), Archuleta Creek meanders through a basin that is
partly filled by the alluvial fans of tributary
streams. The Bone Cliff section is exposed
where the creek cuts through one of these
fans. Upstream of this section, the creek drains
15 km2. The section starts at creek level with a
buried soil developed in 120 cm of silty clay
containing angular clasts of shale bedrock.
Evidence of pedogenesis consists of carbonate
nodules, carbonate root casts, and clay films
on prismatic soil peds. An unidentified bone
fragment 20 cm below the upper surface of
this soil dates to 2740 14C yr B.P. (Table 1). An
erosional contact separates the buried soil from
60 cm of pebble gravel imbricated parallel to
the valley axis. Charcoal from this gravel unit
dates to >40,000 14C yr B.P. The gravel fines
upward into 1.5 m of silt and clay, the uppermost meter of which contains bands of secondary carbonate, root casts, oxidized zones, and a
prismatic structure indicative of a truncated B/
C soil horizon. An erosive boundary separates
this upper buried soil from another gravel unit,
40–60 cm thick, which in turn fines upward
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Figure 3. The V section, Dry Cimarron River. Above: The inverted “V” is an erosional remnant of a valley fill deposited from 7800 to at least
7550 14C yr B.P. It was incised prior to 4720 14C yr B.P. along its downstream (left) side. The valley then aggraded before incising again after
3780 14C yr B.P. along the upstream (right) side of the V. Below: Schematic interpretation of sequence of incision and aggradation episodes.
Lithologic classification follows Miall (1996).
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Archuleta Creek, Bison Section
Description
Archuleta Creek drains an area of 25 km2
upstream of this section. At the downstream
end of Prudencio Canyon (Fig. 2), four stream
terraces border the creek. The highest terrace
(T1) is 20 m above the present stream bed and
consists of a bedrock strath covered by 3–5 m
of boulder gravel (Fig. 4). The lower three terraces are composed of unconsolidated sediment.
The Bison section exposes part of T2 (Fig. 5). A
1.5-m-deep trench dug in the creek bed exposed
horizontally bedded cobble and boulder gravel
alternating with layers of inorganic pebbly silt
and clay. These deposits are overlain by a meterthick unit of dark brown, clayey silt containing
evidence of pedogenesis in its upper 50 cm.
This evidence consists of chaotically oriented
pebbles suggestive of root disturbance, abundant
nodules and root casts of calcium carbonate, and
clay skins on prismatic soil peds. At the contact
between the gravelly channel deposits and the
overlying clay loam where the soil developed,
we found the semiarticulated vertebral column
of a Bison antiquus (Meltzer et al., 2004). The
orientation of the bones indicates that the carcass was on its side with its back parallel to the
modern channel. The bison’s axis yielded an age
of 10,190 14C yr B.P. (Table 1).
The buried soil covering the bison is overlain unconformably by clast-supported, cobble
gravel containing charcoal fragments dating to
9120 and 9170 14C yr B.P. (Fig. 5). This gravel
fines upward into another unit of clayey silt containing evidence of pedogenesis in the form of
carbonate root casts, prismatic soil structure,
and clay skins. An erosional unconformity
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Interpretation
Archuleta Creek was aggrading near its
present level at Bone Cliff at 2740 14C yr B.P.
Incision then occurred, allowing the lowest
buried soil to develop. The uppermost horizons
of this soil were eroded later, after aggradation
resumed. A second soil developed during a
subsequent period of incision after 2740 14C yr
B.P. but before 830 14C yr B.P. This soil was
truncated by the creek as the valley aggraded
to a higher level. The creek incised before 830
14
C yr B.P. by cutting downward along the left
side of the section. Following another period of
aggradation, the creek incised to its present level
some time after 815 14C yr B.P.

T1

Elevation (m)

into a third silty clay unit 2.5–3.2 m thick. The
modern soil is developed in the upper 40 cm
of this silty clay unit. Bison bones 40–70 cm
below the surface date to 815 and 830 14C yr
B.P. (Table 1).
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Figure 4. Cross section of terraces at the downstream end of Prudencio Canyon,
Archuleta Creek. Above: Leveling transect across terraces. The Bison section is
located in T2 upstream of the Long section. Below: Schematic of the Long section
showing locations of 14C samples. Note that no age correlation is implied between
these numbered terraces and those along other streams.
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Erosional unconformities delineate subsequent episodes of incision. Below: Schematic interpretation of sequence
of incision and aggradation events.

truncates this second buried soil. The overlying
clast-supported gravel fines upward into another
clayey silt unit containing evidence of a third
episode of pedogenesis. There are prismatic
peds, a concentration of secondary carbonate,
and evidence of clay illuviation. This upper silt
unit was deposited ca. 7200 14C yr B.P. (the ages
of two charcoal samples from below the soil in
this unit). A unit of cobble gravel, which fines
upward into another, undated unit of clayey silt,
is above an erosional contact.
Interpretation
Archuleta Creek had downcut to or below modern stream level before 10,190 14 yr B.P. The bison
carcass was deposited at a time when Archuleta
Creek was aggrading and it probably was buried
rapidly by overbank sediment. Otherwise the vertebral column would have been disarticulated or
perhaps showed signs of greater surface weathering, or of animal gnawing. Pedogenesis occurred
in this sediment, probably signaling an incision
episode. As aggradation resumed ca. 9100 14C yr
B.P., the stream probably truncated this soil and
then buried it under channel gravels. More overbank sediment was then deposited, and a second
period of soil development occurred after 9120
but before 7280 14C yr B.P. This second phase of

1440

pedogenesis may signal another incision episode.
The second soil was partly eroded and then buried as the valley aggraded after 7280 14C yr B.P. A
third soil formed after 7200 14C yr B.P., perhaps
in response to incision.
Archuleta Creek: Long Section
Description
This section exposes all three lower terraces
immediately downstream of the Bison section
(Fig. 4). The basal sediments in the lower two
terraces are epsilon cross-bedded, clast-supported, boulder gravels. Overlying sediment
fines upward into silt loam containing beds and
lenses of pebble gravel and occasional boulders.
There are scattered horizons of root casts, diffuse secondary carbonates, and prismatic ped
structures. Charcoal fragments from 2 m above
stream level within T2 30 m downstream of the
Bison section date to 8990 14C yr B.P (Table 1).
Charcoal fragments in T3 date to 5960 and 5580
14
C yr B.P., and charcoal in T4 dates to 3010
14
C yr B.P. (Fig. 4).
Interpretation
The combined stratigraphy of the Long
and Bison sections suggests that sediment

composing T2 was deposited as a valley fill
between 10,200 14C yr B.P. and after 7200 14C yr
B.P., the age of the highest charcoal found in
the Bison section. After 7200 14C yr B.P. but
before 5960 14C yr B.P., Archuleta Creek cut
down through this valley fill, leaving behind
T2. Renewed aggradation was underway 5960–
5580 14C yr B.P., which resulted in a second
valley fill. After 5580 but before 3010 14C yr
B.P., another incision episode lowered the valley floor to near or below the modern creek bed,
creating T3. At 3010 14C yr B.P., the creek was
aggrading. Incision created T4 after that.
Oak Creek Section A
Description
Upstream of section A, Oak Creek drains
an area of 20 km2 (Fig. 1). In Oak Creek Canyon, the creek meanders in a gravel channel
within a valley fill dominated by side-valley
fan deposits. Section A is cut partly into colluvium encroaching from a steep bedrock slope
(Fig. 6). The base of this section consists of
an undated stratum of boulder gravel. Meterscale cross-bedding dips into the valley axis
at angles of <5º. Incised in these gravels is a
paleochannel filled by clast-supported, bedded
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Figure 7. Above: Oak Creek section C showing point-bar complexes low in section that were buried by overbank sediment and colluvium after 8080 14C yr B.P. For ~700 yr in the early Holocene, Oak Creek meandered back and forth in its narrow valley with only
minor changes in floodplain elevation. Below: Section A on a tributary of Chicorica Creek.

gravel and massive sand. The basal gravel in
this unit contains charcoal fragments dating to
10,080 14C yr B.P. Sediment fines upward into
massive, sandy, silty clay containing lenses of
water-rounded pebbles. Charcoal just below
an erosional unconformity in this clay deposit
dates to 9600 14C yr B.P. Above a prominent
channel scour, clast-supported, crudely bedded
gravel on the downstream side of the section
fines upward into massive, sandy, silty clay
containing abundant angular shale pebbles
of the same lithology as the local bedrock.
Charcoal fragments from the gravel unit date
to 8890 14C yr B.P. Charcoal fragments from
the overlying clay units date to 8740 and 8670
14
C yr B.P. Near the downstream end of the
section, an erosional unconformity separates
early Holocene deposits from younger deposits of crudely stratified, cobble gravel containing lenses of granules and sand that form a

low terrace several meters above stream level.
Charcoal fragments from this low terrace date
to 440 14C yr B.P. (Table 1).
Interpretation
Oak Creek was meandering in an incised
position before 10,080 14C yr B.P. Probably after
an intervening period of aggradation, Oak Creek
incised to near present creek level between
9600 and 8890 14C yr B.P. The creek stayed at
approximately this same level for several centuries until at least 8670 14C yr B.P. Another
incision episode occurred much later, but before
440 14C yr B.P.
Oak Creek Section C
Description
Upstream of section C, Oak Creek drains an
area of 13 km2. At section C, the creek skirts

cliffs of shale bedrock and then cuts into an
alluvial fan descending from the valley wall
(Fig. 7). The lowest 2 m of section C are composed of silty gravel containing abundant charcoal fragments, dating to 8700, 8610, and 8080
14
C yr B.P. (Table 1). The dominant sedimentary structures in these basal gravels are epsilon cross-beds that fine upward with minor erosional unconformities. On the upstream end of
the section, crudely stratified sandy, silty clay
containing angular shale pebbles partly buries
the stream gravels and contains charcoal dating
to 8270 14C yr B.P. At the downstream end of
the section, pebbly clay covers the basal gravels. These clay deposits have horizontal bedding and contain lenses of sand and rounded
pebbles. Charcoal 1.6 m above creek level
dates to 7800 14C yr B.P. A buried soil marked
by carbonate root casts, prismatic peds, a concentration of clay, and slight oxidation forms
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fines upward into silty clay. We found charcoal
fragments dating to 2860 14C yr B.P. 1 m below
the surface on T2; 2 m higher in the rooting
zone on T3, we recovered charcoal dating to
2210 14C yr B.P. (Table 1).
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Figure 8. Age-frequency distribution of 88 14C ages on charcoal and bone from the
study area, including 31 from the Folsom archaeological site (Meltzer, 2006). Ages
are in 200 yr bins. White columns are 14C dates on charcoal deposited by Oak Creek
while in an incised state.

Interpretation
The east fork of Chicorica Creek had incised
to near its present level before 7700 14C yr B.P.
The presence of a truncated soil near creek
level suggests that the creek again incised its
floodplain after 7700 14C yr B.P. Aggradation
followed, though another incision event preceding 3200 14C yr B.P. is suggested by the second
buried soil. The valley fill aggraded rapidly
between 3230 14C yr B.P. and 2860 14C yr B.P.
There is no evidence for further incision until
after 2210 14C yr B.P.
DISCUSSION

a prominent overhang along the downstream
half of the section. This buried soil is overlain
conformably by massive, sandy, silty clay that
merges into the fine-grained sediment of the
alluvial fan deposited by a tributary stream.
Fingers of crudely stratified, slope-parallel,
massive silty clay containing locally derived
bedrock clasts extend into this overlying
deposit from the right side of the section. A 50cm-thick soil has developed on the fan surface
above the section.
Interpretation
The meandering channel of Oak Creek
was reworking gravel near the stream’s present level in the valley between 8700 and 8080
14
C yr B.P. Coeval with this period of incised
stability, colluvium encroached from the valley
wall. Aggradation resumed after 8080 14C yr
B.P. and ended after 7800 14C yr B.P., when an
episode of incision may have occurred, which
allowed a prominent soil to develop. This soil
was later buried under a mixture of overbank,
colluvium, and distal fan deposits.

Archuleta
Creek

Interpreting the Stratigraphic Sections

Description
The east fork of Chicorica Creek, which
drains a watershed of 9 km2 (Fig. 1), is deeply
incised in a narrow valley. The section starts at
creek level in cobble and boulder gravel (Fig. 7).
This sediment fines upward into silty clay containing charcoal fragments dating to 7730 14C yr
B.P. Prismatic ped structures, diffuse carbonates, chaotic pebble orientation, and oxidation
indicate that pedogenesis occurred in this clayrich sediment. This buried soil is unconformably
overlain by several meters of imbricated pebbles
and cobbles interbedded with beds of silty clay.
One of these clay interbeds 2.5 m above creek
level contained charcoal fragments dating to
3230 14C yr B.P. At the downstream end of the
section, two layers of silty clay are draped over
a lateral-accretion surface and contain the same
evidence for pedogenesis as described for the
lower buried soil. Gravelly sediment that unconformably overlies this second soil contains channel-fill structures and epsilon cross-bedding and

The sections provide three types of age data.
The first is an age-frequency distribution of
charcoal and bone accumulated in the valley
fills (Fig. 8). In interpreting the age-frequency
data, we assume that charcoal fragments and
bones are deposited most often when valley
fills are aggrading rather than when they are
being incised or are in stable states with no net
aggradation or incision occurring. The second
type of data is the age of buried soils, whose
development we assume often coincides with
episodes of channel incision (Fig. 9). The third
type of age data describes the timing of incision
episodes, and it comes from limiting ages on
erosional unconformities and on periods when
paleochannels were incised (Fig. 10).
There are complications involved in interpreting all three of these types of data. Some
charcoal fragments and bones probably were
deposited during times of incision and stability,
and some soils likely developed during times
of floodplain stability. Evidence for some episodes of incision and aggradation undoubtedly
is missing from the stratigraphic record because
of its inherently discontinuous nature. Furthermore, the 14C dates available from any particular
section often are only widely limiting ages on
the geological events recorded there, and both
charcoal and bones can be reworked from older
deposits. Another potential dating error is posed
by old wood, i.e., charcoal from trees that were
several centuries old when they burned. Charcoal ages are reversed in two of our sections. On
the right side of the V section (Fig. 3), charcoal
with an age of 2530 14C yr B.P. is ~10 cm below
charcoal that is 380 yr older. In the Jaw section
along Wild Horse Arroyo (Data Repository; see
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Figure 9. Limiting dates on prominent buried soils in valley-fill sections.
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footnote 1)1, charcoal with an age of 5080 14C yr
B.P. is 160 cm below charcoal that is 390 yr
older. It is unknown whether these age reversals
are caused by old wood or by the reworking of
previously deposited charcoal. A final complication in interpreting alluvial history comes from
the complex geomorphic responses of different
streams and different reaches of the same stream
to the same environmental drivers (Patton and
Schumm, 1975, 1981; Force, 2004).
We dealt with these actual and potential problems as follows. First we describe and radiocarbon dated as many sections as time and funding
allowed. Next, we assumed that all the valley
fills in the study area responded in a similar
fashion and at the same time to the same shifts
in climate. This assumption is supported by the
fact that all the streams in the area are incised
today, and by the results of previous studies
that show synchrony in fluvial history occurs
in watersheds of similar size, topography, and
vegetation within particular geographic areas
(Hereford, 1984, 1986, 2002; Hereford et al.,
1996; Waters and Haynes, 2001). These cases
of within-area synchrony suggest that regionwide climate changes rather than local, complex geomorphic responses are the dominant
signals in the valley-fill record at time scales of
several centuries to a millennium, which is the
typical precision of most records of fluvial history based on 14C-dated stratigraphy. Finally, we
combined all three types of data (age-frequency
distribution, timing of soil formation, and tim-

ing of incision episodes) in the most parsimonious way possible before inferring the timing of
fluvial events.
Fluvial History
Aggradation
The age-frequency plot of all 14C ages
describes the history of organic matter deposition in valley fills (Fig. 8). The plotted ages
include those listed in Table 1 and 31 additional dates on wood charcoal and bone from
the valley fill of Wild Horse Arroyo at the
Folsom archaeological site (Meltzer, 2006).
Of the 49 14C ages reported in Meltzer (2006)
from the site, we excluded 18 that were either
duplicates, used organic-acid fractions of charcoal in their analysis, or had no direct bearing
on this study. The white columns in Figure 8
depict the ages of samples deposited during
periods when streams remained incised for
long periods within their valley fills. The final
plot shows episodes when abundant charcoal
and bone were deposited separated by gaps signifying incision or net stability. Peaks in charcoal and bone deposition occurred ca. 11,000–
10,000, 9600–8800, 7800–6800, 5200–4200,
3800–2200, and 1000–400 14C yr B.P. (Fig. 8)
Incision
An obvious feature of the age-frequency
graph is the lack of charcoal or bones older than
11,500 14C yr B.P. despite a concerted search for

them in the field. Apparently, most unconsolidated deposits were stripped out of these valleys
during the late Pleistocene to a degree never
repeated in the Holocene. The incised state of
most channels today and the large number of
stream cuts we examined make it unlikely that
extensive Pleistocene deposits are hidden under
younger alluvium. Besides the missing late
Pleistocene, prominent gaps in charcoal and
bone deposition occurred ca. 9700, 6800–6000,
ca. 5300, 4200–3800, 2200–1800, 1600–1000,
and after 400 14C yr B.P. (Fig. 8).
Nine buried soils are sufficiently well developed and well dated to serve as proxies for episodes of incision (Fig. 9). The lowest buried soil
in the Bison section on Archuleta Creek has
limiting dates of 10,190 and 9170 14C yr B.P.
(Fig. 5). The middle soil in this same section
developed between 9120 and 7280 14C yr B.P.
There is no minimum-limiting age on the upper
soil in the Bison section. In the Bone Cliff section on Archuleta Creek, two soils developed
between limiting ages of 2740 and 830 14C yr
B.P., the modern soil developing after 815 14C yr
B.P. In the V section, the two best-developed
soils are on the downstream side of the section
(Fig. 3). The lower of these developed between
4460 and 3780 14C yr B.P., and the upper soil
developed between 3780 and 2220 14C yr B.P.
In the Oak Creek C section, a prominent buried
soil developed after 7800 14C yr B.P.
Most of the constraints on the timing of
incision episodes come from limiting ages on
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tions) provide some of the limiting dates on
incision episode VII.
If we drop the assumption that all stream
reaches responded similarly and synchronously
to the same climatic events, and if we had in
our possession many more limiting ages available from every valley fill, the blue columns in
Figure 11 probably would curve to incorporate
slightly different histories in different drainages. Complex geomorphic responses undoubtedly occurred in these drainages; however, our
emphasis is on describing the broader pattern of
valley-fill dynamics in the study area rather than
trying to estimate precise limiting ages.
Besides net aggradation and net incision, the
third possible state for a valley fill is net stability in
one or the other of these states. The only evidence
we find for stability in either incised or aggraded
states is a 1000 yr period of stable incisement in
the Oak Creek valley during the early Holocene.
There is no clear evidence in any drainage for a
steady state occurring in an aggraded condition.
Evidence for such a state would consist of pointbar deposits situated relatively high in section and
containing 14C dates with a wide range of ages.
The lack of such deposits suggests that aggraded
steady states were rare or absent in the study area
during the past 12,000 14C yr. We speculate that
the rarity of either stable incisement or stable
aggraded states implies that sediment budgets are
typically balanced in these drainages by cycling
between net erosion and net aggradation at millennial time scales rather than at shorter annual,
decadal, or century time scales.

erosional unconformities and on times when
channels were incised to levels similar to today
(Fig. 10). Limiting ages are plotted according
to the interpretations described for each section
in section 3.0.
Synthesis
The data suggest that 9 intervals of aggradation alternated with 10 episodes of valleyfill incision over the past 12,000 14C yr B.P.
(Fig. 11). We positioned the incision episodes on
the time axis so as to minimize conflict between
data points. For example, incision episode II is
placed between 10,000 and 9600 14C yr B.P.
because this incorporates all the limiting ages
available for this time period and minimizes
the number of 14C dates in the black histogram
that fall during the inferred time of incision.
The actual duration of incision episodes could
be shorter than plotted in Figure 11. Support
for this inference comes from previous studies
of arroyo cutting and refilling (Haynes, 1976;
Bull, 1997), from consideration of the rapidity of arroyo incision in the late 1800s (Graf,
1988), and from the brevity of incision episode
VII. In Figure 11, incision episode VII appears
to occur at a time when organic material is accumulating in valley fills. This discrepancy arises
because episode VII was probably very brief,
possibly <200 yr, and the 14C ages are binned in
200 yr intervals, which makes incision episode
VII overlap two 14C ages in Figure 11. These
same dates (from the Archuleta B and C sec-

We place an incision episode (IV) immediately before 6000 14C yr B.P. (Fig. 11). This is
consistent with the available limiting ages and
it avoids having incision occur during the driest part of the Holocene, the Altithermal period.
Although time transgressive in different parts of
the Great Plains (Forman et al., 2001), the Altithermal was well underway in the southern High
Plains between ca. 7000 and 6000 14C yr B.P.
(Holliday, 1997, 2001; Meltzer, 1999; Menking
and Anderson, 2003).
We cannot estimate the beginning and end
of incision and/or aggradation episodes more
precisely than several centuries because of the
chronostratigraphic limitations; however, we
can make the following generalizations.
1. Over the past 12,000 14C yr, cycles of
incision and aggradation occurred at intervals
of 1800–800 14C yr. There is a suggestion that
the cycle length decreased after ca. 6000 14C yr
B.P. Most incision episodes seem to have been
shorter than periods of aggradation (Fig. 11).
2. The Younger Dryas chronozone (11,000–
10,000 14C yr B.P.) was a time of valley-fill
aggradation.
3. Incision ca. 9000 14C yr B.P. was followed
by an ~1000 yr period of relative stability when
Oak Creek meandered in an incised position
within its valley fill.
4. There is little evidence for valley-fill aggradation in the form of charcoal and bone being
deposited during what other records suggest
was the driest part of the Holocene, ca. 7000–
6000 14C yr B.P.
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Figure 11. Combined data from
Figures 8, 9, and 10 describing
the dynamics of valley fills in the
Folsom area. Blue columns show
the inferred timing of episodes
of incision, numbered from oldest to youngest. These columns
are placed to minimize overlap
with episodes of aggradation
inferred from the ages of charcoal and bones (black and white
histogram) and to conform with
limiting ages on incision inferred
from dates on channel incision
and soil formation. The timing
of incision episode IV is poorly
constrained and arbitrarily
placed ca. 6000 14C yr B.P. to
avoid having it occur during the
Altithermal period. The green
column between 7800 and 8800
14
C yr B.P. is the interval when
Oak Creek was stably incised.
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5. The penultimate incision episode probably
ended ca. 1000 14C yr B.P. near the beginning of
the Medieval Warm Period, which lasted from
ca. A.D. 1000 to 1300.
6. A period of valley-fill aggradation occurred
during the Little Ice Age, ca. A.D. 900 and 1880.
7. Deep erosion of valley fills occurred prior
to ca. 11,500 14C yr B.P. to a degree not repeated
during the Holocene.
Connecting the Geology to Climate
What does this record of valley-fill history
tell us about climate change? To answer this, we
first need to identify the key processes that link
valley fills to climate. Previous studies suggest
that the two most important linkages are floods
and vegetation cover.
On many landscapes, floods link the dynamics of channels, valley fills, and hillslopes to climatic change (Knox, 1983, 1993, 2000). This is
particularly true in semiarid watersheds, where
floods do most of the geomorphic work (Graf,
1988; Graf et al., 1991; Ely, 1997; Bull, 1997;
Hereford, 2002). Studies in the southwestern
United States and northern Mexico tend to agree
that incision episodes often are associated with
an increased incidence of extreme floods (Graf
et al., 1991; Hereford et al., 1996; Waters and
Ravesloot, 2000; Waters and Haynes, 2001;
Nordt, 2003).
Flood frequency and magnitude vary according to the meteorology of the precipitation. In
the southwestern United States, peak rainfall
intensity of a given magnitude occurs more
frequently from warm-season thunderstorms
than it does from cool-season, frontal storms
(Etheredge et al., 2004). The type of storm
also is important because floods affect drainage basins differently depending on the size of
the storm relative to the size of a basin (Etheredge et al., 2004; Tucker et al., 2006). Although
stream flow typically increases downstream,
the forces resisting channel erosion usually
remain constant (Bull, 1991). This implies that
if precipitation is coming from a frontal storm
hundreds of kilometers across, a channel-altering flood occurring in a trunk channel may not
be geomorphically significant upstream in its
tributaries. In contrast, summer thunderstorms
commonly dump torrential rain only over small
areas, causing floods that rage down a headwater channel only to dissipate in the trunk channel downstream. In southern Arizona, drainage
basins <20 km2 have most of their high discharge events during summer thunderstorms,
while basins >40 km2 have most of their highest
discharges during cool-season, cyclonic storms
(Etheredge et al., 2004). In drainage basins in
the Folsom area, floods caused by cyclonic

storms probably are rare, both because of the
small catchments of these headwater streams
and because many cool-season storms on the
high mesas around Folsom bring snow, which
tends to create less flashy runoff than summer
thunderstorms.
In semiarid landscapes, vegetation supplies much of the erosion-resisting forces on
hillslopes and it can contribute significantly to
erosion resistance along valley axes (Leopold,
1951a; Langbein and Schumm, 1958; Bull,
1991, 1997; Hooke, 2000; Tucker et al., 2006).
Vegetation intercepts rain and snow and allows
it to evaporate before reaching the ground. Their
canopies break the force of torrential rains.
Their stems and roots armor the ground surface
from erosion under flowing water (Tucker et al.,
2006). Removal of the forest canopy causes significant increases in peak runoff discharge from
watersheds (Jones, 2000).
Because plant cover is so important, slight
shifts in precipitation can alter radically the
erosion/aggradation regime in semiarid landscapes where water limits the growth of many
plants. Today the mean annual precipitation in
the study area is between 400 and 500 mm, putting it near the peak of the precipitation-sediment yield curve (Langbein and Schumm, 1958;
Dendy and Bolton, 1976). The precipitationsediment yield curve describes the shifting balance between eroding and resisting forces under
differing amounts of rainfall, and thus it indirectly describes the role that vegetation cover
plays in determining a watershed’s responses
to changes in moisture. When annual precipitation falls below ~400 mm/yr, plant cover typically is drastically reduced, leaving watersheds
prone to rapid runoff and erosion. As precipitation increases above 400 mm/yr and plant cover
increases to ~70% (Knox, 1983), sediment
yields decline rapidly.
A Simple Conceptual Model
Leopold (1951b) suggested that arroyo cutting in the southwestern United States occurs
when increased rainfall intensity coincides
with decreased mean rainfall, i.e., when flooding occurs on landscapes barren of vegetation
because of drought. Valley fills seem to be particularly prone to incision when climate shifts
from periods of extended droughts with rare
floods to wetter periods with more frequent large
floods (Bryan, 1954; Hereford, 1986; Hereford
and Webb, 1992). Tucker et al. (2006) conclude
that most channel incision occurs at the end of a
significant drought period when abundant, convective summer rains return.
Our conceptual model of how valley fills
interact with climate change in the Folsom

area is a variation on this theme. The simplest
hypothesis emphasizes changes in the strength
of the North American Monsoon system while
assuming that cool-season precipitation remains
relatively constant. When the monsoon system
weakens, summer thunderstorms become less
frequent. As a result, flood frequency and flood
magnitude decrease because it is summer thunderstorms that cause most of the floods in these
small drainage basins. In the steep terrain of the
study area, sediment is still transported to valley floors by cool-season runoff even in times
of summer drought, but because large floods are
rare, this sediment from the hillslopes accumulates in aggrading valley fills. Soil moisture also
declines when the North American Monsoon
system weakens. If prolonged for decades to
centuries, summer drought causes forests to contract and the cover of shrub and grass vegetation
to thin, exposing more bare ground to erosion,
which further enhances valley-fill aggradation.
When the North American Monsoon system
strengthens, summer thunderstorms become
more frequent. There are more large floods and
they incise valley fills. Much of this incision
probably occurs during the initial shift from
summer-dry to summer-wet climate when the
vegetation cover is still reduced due to drought,
but floods are now powerful and frequent
enough to transport both the valley fills and the
sediment currently eroding from the surrounding slopes. If prolonged for decades to centuries, the increased summer moisture causes
closed forests and shrub vegetation to spread.
This increased plant cover anchors hillslopes
and slows the rate of sediment delivery to valley floors in all seasons. Meanwhile, frequent,
large floods in summer continue to remove the
previously accumulated valley fills. If this climatic regime continues long enough, a steady
state is reached in which flood erosion in valley bottoms balances sediment arriving from
hillslopes, and streams become stably incised
within their valley fills.
Does this simple scheme agree with what is
known from the paleoenvironmental record in
the surrounding region? The answer is a qualified yes. The supporting evidence is as follows.
1. Aggradation occurred during the Younger
Dryas chronozone (11,000–10,000 14C yr B.P.),
and climate during this period had a summercool, summer-dry character, which suggests that
the North American Monsoon system was relatively weak. Evidence for cooler summers during
the Younger Dryas Chronozone comes from the
Folsom site, where half of the nearly 20 species
of land snails found in the bison bone bed are
today restricted to higher, cooler altitudes (Meltzer, 2006). The δ18O of these snail shells also
indicate cooler summers, and their δ13C values
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are more positive than snails living around the
site today (Balakrishnan et al., 2005). This suggests that C4 grasses were more abundant and
implies that Younger Dryas summers were drier
than today (Meltzer, 2006). Similarly, the relatively low δ15N values of the bison bones suggest
that summers were drier than today. Comparably low δ15N values occur today in large ungulates subjected to long periods of water stress
(Meltzer, 2006). Summers drier and cooler than
today are consistent with a weaker North American Monsoon system. This also might explain
Holliday’s (2000) finding that on the southern
High Plains, a region today watered mainly by
summer rains, the Younger Dryas accompanied
increasingly droughty conditions.
2. Oak Creek sections A and C indicate this
stream maintained an incised, stable position
within its valley fill between ca. 8700–8080
14
C yr B.P. (Fig. 11). Milankovitch-controlled
summer insolation was near its peak at this time,
which strengthened the North American Monsoon system in the southwestern United States
(Spaulding and Graumlich, 1986; Waters, 1989;
Weng and Jackson, 1999; Reheis et al., 2005).
Our conceptual model suggests that prolonged
summer-wet conditions would have caused the
expansion of closed forest vegetation. Denser
forests of Ponderosa pine and Gambel oak
growing at lower altitudes would have restricted
slope erosion at the same time that enhanced
summer flooding eroded previously accumulated valley fills.
3. The penultimate incision episode in our
records immediately preceded the Little Ice
Age, and the timing of this incision episode is
compatible with an episode of summer-wet climate during the Medieval Warm Period, ca. A.
D. 1000–1300. Tree rings recorded a period of
increased summer moisture centered on A.D.
1100 in the Malpais in central New Mexico
(Poore et al., 2005).
4. The latest period of aggradation in the
Folsom area record occurred after ca. 1000
14
C yr B.P. within the time span of the Little Ice
Age. Glacier advances in the southern Rockies (Armour et al., 2002) indicate cooler summer temperatures during the Little Ice Age,
and cooler temperatures imply a weaker North
American Monsoon system. Tree-ring data from
the Malpais in central New Mexico show that
summer rainfall diminished there during the Little Ice Age, probably because of weakening in
the North American Monsoon system (GrissinoMayer and Swetnam, 2000; Poore et al., 2005).
The Little Ice Age also was a time of aggradation in the headwaters of the Paria and Virgin
Rivers on the southern Colorado Plateau, probably as the result of a decline in the frequency of
large floods (Hereford, 2002). Ely (1997) noted
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that large floods were rare between ca. 900 and
500 14C yr B.P. in Arizona and southern Utah.
5. All the stream reaches we studied have
incised since the end of the Little Ice Age,
probably during the A.D. 1860–1940 period of
widespread arroyo cutting and floodplain incision documented throughout the southwestern
United States (Cooke and Reeves, 1976; Bull,
1997). One suggested cause for this region-wide
episode of incision was a series of unusually
frequent and large floods following a series of
severe droughts (Hereford, 1986, 1993, 2002;
Hereford et al., 1996). Wild Horse Arroyo was
enlarged significantly by the flood of August
27–28, 1908, which was caused by a torrential thunderstorm over Johnson Mesa (Meltzer,
2006). Photographic archives indicate that at
least one other summer flood occurred in the
upper Dry Cimarron basin between 1888 and
1908 (Folsom Centennial Book Committee,
1988). Tree-ring and fire-scar analyses suggest
that after ca. A.D. 1790 the climate of the Malpais shifted from a summer-dry to a summer-wet
regime (Grissino-Mayer and Swetnam, 2000).
Modulating the Monsoon
If the dynamics of valley fills in the study
area are controlled by a combination of flood
regime and vegetation cover, which in turn are
controlled by the strength of the North American Monsoon system, then what controls the
North American Monsoon system? Studies of
prehistoric and historic droughts in the Great
Plains and southern Rocky Mountains converge
on the conclusion that sea-surface temperature
(SST) anomalies underlie multiyear droughts
in the continental interior (Woodhouse and
Overpeck, 1998; Forman et al., 2001; Cook
et al., 2004; Schubert et al., 2004; McCabe et
al., 2004; Seager et al., 2005). Summer rainfall
associated with the North American Monsoon
system is a crucial part of the moisture regime in
these regions, and SSTs in both the Pacific and
Atlantic Oceans affect the strength and hence
the northward extent of the North American
Monsoon system over the southwestern United
States and southern Great Plains at weekly and
annual time scales (Carleton et al., 1990). Earlier
and wetter monsoons occur in years when SSTs
in the eastern tropical Pacific and in the midlatitude North Pacific are cooler than average
and when SSTs in the subtropical North Pacific
and along the west coast of the USA are anomalously warm (Higgins and Shi, 2000). In turn,
SST varies according to four ocean-atmosphere
teleconnection patterns: the El Niño–Southern
Oscillation, the Pacific North American pattern
(Woodhouse, 1997, 2003; National Weather
Service, 2006), the Pacific Decadal Oscillation

(Mantua et al., 1997), and the Atlantic Multidecadal Oscillation (Seager et al., 2005).
The combination of teleconnections most
favorable to a powerful and northward extended
North American Monsoon system seems to be
when La Niña coincides with both a positive
phase of the Pacific North American pattern and
a cool phase of the Pacific Decadal Oscillation
(Castro et al., 2001). In contrast, when El Niño
coincides with a negative phase of the Pacific
North American pattern and a warm phase of the
Pacific Decadal Oscillation, the North American
Monsoon system tends to weaken. Accordingly, it
seems plausible that teleconnections in the oceanatmosphere circulation modulate the strength of
the North American Monsoon system and that
changes in the strength of the North American
Monsoon system in turn cause the alternating
summer-wet and summer-dry conditions driving
the dynamics of valley fills in the study area.
It is intriguing that the teleconnections
inferred from historic weather records are much
faster than the cycles of incision and aggradation observed in the geologic record of Folsom
area streams. El Niño–Southern Oscillation
and the Pacific North American pattern change
every few months to few years, and even the 30–
50 yr periods of the Pacific Decadal Oscillation
and Atlantic Multidecadal Oscillation are brief
compared to periods of valley-fill aggradation
lasting for a millennium. Could there be previously unrecognized teleconnections oscillating
at millennial time scales that affect weather and
climate in the Folsom area? Could these slower
teleconnections involve anomalies in SSTs that
alter seasonal patterns of effective moisture and
flooding in ways similar to or actually involving
faster teleconnections like the El Niño–Southern
Oscillation and the Pacific Decadal Oscillation?
Millennial-Scale Climate Changes
Denton and Karlén (1973) pointed out
that many glacier fluctuations occurred at an
~1000 yr frequency during the Holocene, and
it is well known that ~1500 yr DansgaardOeschger oscillations were a dominant feature
of North Atlantic SSTs during the last ice age
(Bond et al., 1997). Dansgaard-Oeschger oscillations may have continued in a muted form
throughout the past 10,000 yr (Bond et al.,
2001; Bianchi and McCave, 1999; Andrews
and Giraudeau, 2003), though it is more likely
that a variety of different millennial-scale processes have operated during the Holocene (Hu
et al., 2003; Mayewski et al., 2004). It is interesting that the intensity of the El Niño–Southern Oscillation also varied during the Holocene
at time scales of decades, centuries, and millennia (Rodbell et al., 1999; Turney et al., 2004).

Geological Society of America Bulletin, November/December 2007

Millennial-Scale Stream Dynamics, New Mexico
Despite their widespread occurrence, plausible drivers for such Holocene millennial-scale,
quasi-cycles are lacking (Schulz et al., 2004;
Turney et al., 2005), although one hypothesis
is that a variety of different millennial-scale climate cycles could result from a single globalscale teleconnection that involves cycles of
bipolar cooling at high latitude (Mayewski et
al., 2004). Although no driver for such a cycle is
known, the millennial-scale expansion and contraction of the circumpolar vortex could alter the
meridionality of atmospheric circulation at middle latitudes and generate a geographic mosaic
of moisture anomalies there (Kirby et al., 2002;
Willard et al., 2005). If true, this implies that a
hierarchy of different teleconnections varying in
period and geographical extent operates within
the ocean-atmosphere system. It follows that
faster teleconnections like El Niño–Southern
Oscillation and the Pacific Decadal Oscillation
are embedded within slower teleconnections,
and together they drive millennial-scale dynamics like those in the drainage basins we studied.
CONCLUSIONS
Multiple periods of valley-fill aggradation
separated by incision episodes occurred over
the past 12,000 14C yr in small watersheds in the
uplands of northeastern New Mexico. Incision
probably accompanied periods of summer-wet
climate, when large floods were more frequent
and denser vegetation spread onto hillslopes.
Aggradation likely occurred during times of
prolonged summer drought. More complicated
explanations of the climatic drivers are possible,
particularly if changes in cool-season precipitation are considered, but the basic idea is the
same: valley-fill incision accompanies more
frequent summer thunderstorms, and valley-fill
aggradation accompanies less frequent summer
thunderstorms. The frequency of summer thunderstorms depends on the strength of the North
American Monsoon system. Although teleconnections involving shifts in SSTs are known to
modulate the strength of the North American
Monsoon system, it seems unlikely that faster
(month to decade scale) teleconnections like
El Niño–Southern Oscillation and the Pacific
Decadal Oscillation drove the slower (century to
millennium scale) changes recorded in the valley fills of the study area. We speculate that the
alternating incision and aggradation episodes
observed in Folsom area streams result from an
unrecognized millennial-scale climate oscillation in which the El Niño–Southern Oscillation,
Pacific Decadal Oscillation, and/or Pacific North
American pattern teleconnections are embedded.
This finding is important because it implies that
shorter climatic oscillations potentially could be

amplified or dampened by this longer oscillation, as could anthropogenic climate change.
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