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Introduction
As highlighted in this issue’s Gallery of Geol-
ogy on page 24, large, severe wildfires have 
become part of the New Mexico late spring 
and early summer experience in the last few 
decades. Such fires have considerable rel-
evance to geomorphologists, as erosion rates 
in mountainous landscapes are often dra-
matically increased in the several years after 
severe fires. Erosion and sediment transport 
often take place during major debris flows 
and flash floods (Fig.  1). These events are 
most commonly triggered by intense thun-
derstorm rainfall, as in New Mexico’s summer 
monsoon, and very rapid runoff from slopes 
devoid of vegetation or forest litter. Although 
water-repellent soils formed by fire effects are 
often cited as the primary cause of increased 
runoff, the creation of extensive bare, smooth 
soil surfaces alone is more than sufficient—
for example, consider the erosion that would 
occur on a plowed, smooth farm field at slope 
angles of 15–30° or more! The extreme flows 
that are generated can entrain huge volumes 
of sediment as they course down slopes and 
channels. Events of this nature affected a 
number of small, steep drainages in the Sac-
ramento Mountains southeast of Cloudcroft 
after the 2002 Peñasco fire. Large quantities 
of mud- to boulder-sized sediment may be 
deposited on alluvial fans along the valley 
margins, and in some cases deep gullies are 
also cut in the fans. Major damage to roads, 
buildings, and property resulted in several 
locations in the Peñasco fire area, as valley-
side alluvial fans are common sites for resi-
dential and other development. 

Along with their importance in under-
standing geologic hazards and watershed 
impacts, sediments deposited on alluvial fans 
by postfire debris flows and floods also pro-
vide a means of assessing the timing and spa-
tial distribution of past forest fires, and rela-
tions between fire and climate, in particular 
episodes of severe drought. These sediments 
are often rich in charcoal fragments from the 
burned area, which allows radiocarbon dat-
ing of fire-related sedimentation events thou-
sands of years into the past, providing an 
important supplement to the more commonly 
available tree-ring fire histories. Tree-ring dat-
ing has provided a wealth of information on 
low-severity surface fires that scar trees, but 
leave them living. Such fires swept through 
the understory of many southwestern for-
ests every few years to a few decades before 
European settlement and intensified grazing, 
logging, and fire suppression in the late 1800s 
(e.g., Brown et al. 2001). However, tree-ring 
fire-scar records extend back about 500 yrs 
at most, and do not provide data on severe 
fires that kill large stands of trees. Stand-
destroying fires can be dated via the ages 

of living trees that germinated after fire, but 
this reveals the last such fire only, and again 
is limited to about the last 500 yrs. Therefore, 
alluvial sediments can greatly extend fire his-
tories, albeit with greater uncertainty in ages. 
Climatic change on time scales of a thousand 
years or more has strongly affected Earth 
environments over the Holocene Epoch, the 
~12,000 yrs since the last episode of conti-
nental glaciation. Thus, the sensitivity of fire 
activity to climate change over such time 
scales is of great interest. It is also critical to 
understanding the potential impacts of future 
droughts on New Mexico’s mountain forests, 
given that predicted warming over the next 
century has no precedent on the short time 
scales covered by tree-ring fire chronologies.

Fire and alluvial history in the 
Sacramento Mountains

South of Cloudcroft, the Sacramento Moun-
tains are essentially a broad eastward-dip-
ping cuesta, where the range crest and ridges 
on the eastern slope are capped by resistant 
limestone and dolomite of the Permian San 
Andres Formation. Below the San Andres 
Formation, the highly erodible Permian Yeso 
Formation forms slopes that have contrib-
uted large volumes of fine-grained Holocene 
alluvium to valleys. Abundant exposures of 
these alluvial sediments are present in both 
deep main valley arroyos that predate the 
Peñasco fire (Fig. 2), and in gullies cut in 
alluvial fans by recent postfire debris flows 

and floods (Fig. 1). Deposits of modern post-
fire events helped us to define criteria for 
recognition of fire-related sediments in the 
Holocene alluvium. Conifer forests of the 
Sacramentos range from spruce and fir near 
the range crest, through ponderosa pine 
and mixed conifers at middle elevations, to 
piñon-juniper stands near the lower forest 
border.

We focused our investigations along 
the valleys of the Rio Peñasco and lower 
Cox Canyon in the eastern Sacramentos 
(Frechette and Meyer 2009), and in Cabal-
lero Canyon west of the range crest (New 
2007). Fire-related deposits dating to as 
much as 8000  yrs ago were discovered, 
interbedded with deposits with no clear 
evidence of an origin in a burned area. The 
most active period of fire-related sedimen-
tation occurred from about 6000 to 4000 yrs 
ago, as is highlighted in Figure 3. Although 
it does not stand out markedly as a domi-
nant peak in the fire-related sedimentation 
curve, this interval saw fans build rapidly 
with several meters of accumulated sedi-
ment including thick, charcoal-rich debris-
flow deposits (Fig. 2, inset). This evidence 
for severe fires is consistent with a gener-
ally warmer middle Holocene climate, 
characterized by widespread and persis-
tent drought conditions in the Southwest 
and in the interior western United States in 
general (Buck and Monger 1999; Shuman 
et al. 2009). However, it may also reflect a 
higher variability in precipitation and (or) 

FIGURE 1—Deposits of a debris flow from a tributary basin of lower Cox Canyon in the Sacramento 
Mountains. The tributary basin was severely burned in the 2002 Peñasco fire. Debris-flow deposits 
partially filled and dammed the main valley arroyo at this location (the arroyo wall is visible across 
the center of the photo). The surface deposits lack mud because of reworking by later flood flows.
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temperatures at this time (e.g., Asmerom 
et al. 2007), which would allow forests to 
grow more dense during wetter intervals 
that minimize the occurrence of surface 
fires. Severe crown fires would then be 
more likely during major droughts.

Evidence for severe fires in charcoal-rich 
debris flows in the Sacramento Mountains 
became substantially less common after 
4,000 yrs ago, probably because of the climat-
ic cooling associated with declining summer 
solar radiation in the Northern Hemisphere, 
and advances of mountain glaciers in the 
western USA and elsewhere known as the 
Neoglacial. However, episodic fire-related 
sedimentation punctuated this time interval, 
most notably around 650 yrs ago (Fig. 3). This 
peak in fire-related sedimentation is associ-
ated with the “Great Pueblo Drought” of ad 
1276–1297, a period of persistent, severely dry 
conditions that was noted in some of the ear-
liest climate reconstructions using tree rings 
(Douglass 1929). This megadrought centered 
on the Four Corners area but affected a much 
larger region of the Southwest (Cook et al. 
2007). It came at the end of a period of gener-
ally warmer climate in the western USA from 
about ad 900–1300 known as the Medieval 
Climatic Anomaly (Fig. 3). There is also sub-
stantial evidence from tree rings, lake levels, 
and other paleoclimatic records of unusually 
large fluctuations between wet and dry con-
ditions during this time, which could again 
promote dense growth of conifer stands fol-
lowed by extensive severe fires. Prior work 
in Yellowstone National Park and in central 
Idaho has also shown the Medieval Climatic 
Anomaly to be a time of major fire-related 
debris-flow activity and building of alluvial 
fans (Meyer et al. 1995; Pierce et al. 2004), 
illustrating the widespread effects of drought 
in this interval. The most prominent episode 

of postfire debris flows in these areas, howev-
er, is correlated with the ad 1140–1162 mega-
drought, considered to be the worst in North 
America in the last two millennia (Cook et al. 
2007). Fire-related deposits dating to the time 
of the mid-1100s megadrought are found in 
the Sacramento Mountains (Fig. 3), but are 
less common than those emplaced after fires 
in the late ad 1200s. Overall, the occurrence 
of major droughts, severe fires, and debris 
flows across the interior western USA is con-
sistent with an inference of generally higher 
temperatures during the Medieval Climatic 
Anomaly.

The effects of warmer climate and severe 
drought notwithstanding, fire-related sedi-
mentation in the Sacramentos over most of 
the Holocene is characterized by relatively 
small and sporadic events, consistent with a 
regime of low-severity surface fires, with the 
occasional patch of higher-severity crown 
fires. Likewise, tree-ring fire-scar records in 
the Sacramentos show that frequent, low-
severity surface burns dominated fire activi-
ty throughout the range of forest types, from 
the beginning of the record about ad 1580 
to the late 1800s (Brown et al. 2001). This 
period falls within the generally cooler and 
effectively moister climate of the Little Ice 
Age (e.g., Cook et al. 2007) (Fig. 3). A regime 
of low-severity fires makes sense during the 
Little Ice Age, as reduced temperatures and 
evapotranspiration would promote grass 
growth to fuel surface fires, as well as limit 
the potential for reducing moisture lev-
els in the forest canopy to the point where 
extensive, high-severity crown fires could 
occur. Since the late 1800s, fire suppression 
and other land uses greatly limited surface 
fire activity, and the resulting denser for-
est stands—along with a warming climate, 
especially in the last several decades—have 

created conditions that are ripe for extensive 
stand-destroying crown fires. 

An interesting aspect of Sacramento 
Mountains forests are the large, dense 
stands of Gambel oak that are especially 
prominent on the upper western slopes of 
the range. Professor Thomas Swetnam of 
the University of Arizona Laboratory of 
Tree-ring Research has hypothesized that 
these brushy patches represent areas where 
severe crown fires destroyed conifer stands 
and Gambel oak recolonized. Identification 
of charcoal fragments found in soils under 
oak brush in Caballero Canyon suggest that 
some past fires at these sites were indeed in 
conifer stands (New 2007), but further work 
is necessary to test this hypothesis.

Another question we considered in our 
Sacramento Mountains work is whether 
the deep arroyos found along many valley 
reaches may, at least in part, stem from land 
uses such as railroad logging and intensive 
grazing, especially along the eastern flank 
of the range. The main valley arroyos pre-
date modern severe wildfires, but the tim-
ing of their initiation is largely unknown. At 
lower elevations in the Southwest and on the 
Colorado Plateau, most valley-filling alluvial 
sequences show clear evidence of alternating 
episodes of arroyo cutting and valley filling, 
especially in the last 4000 yrs (e.g., Waters 
and Haynes 2001; Love 1983). We found no 
clear evidence of past arroyo incision in the 
exposures examined for fire-related depos-
its in the eastern Sacramento Mountains. We 
also found no place where gravelly deposits 
filled a deep paleochannel in finer-grained 
valley fill, as occurred in modern times after 
the Peñasco fire (Fig. 1). Such a relationship 
should have been obvious despite imperfect 
exposures along many present arroyos. Some 
evidence exists for paleo-arroyo cutting in 
Caballero Canyon on the west slope, howev-
er. The lack of clear precedence for modern 
arroyos in the eastern Sacramentos suggests 
that 19–20th century land use may have been 
an important factor. However, we again need 
to investigate this question further, including 
dating the initiation of the present episode 
of arroyo cutting, and conducting a focused 
search for paleochannels.

Implications of long-term 
fire-climate relations

As in other studies of Holocene fire-climate 
relations (e.g., Pierce et al. 2004), our work 
in the Sacramento Mountains shows that 
fire behavior is highly sensitive to relatively 
modest climatic change. With the high proba-
bility of increased temperatures and episodes 
of severe drought over the next century, cata-
strophic wildfires and their accompanying 
debris flows and flash floods will become 
even more likely in New Mexico’s mountain 
forests. Thinning of over-dense stands that 
have resulted from fire suppression, espe-
cially in ponderosa pine forests, can reduce 

FIGURE 2—More than 10 m (32 ft) of sediment in the toe of an alluvial fan is exposed in this main valley 
arroyo along the Rio Peñasco. The fan deposits range in age from about 8000 to 650 yrs before present. 
Darker layers represent organic-enriched soils that developed during times of slow sediment accumu-
lation. The middle part of the section with little soil development starting above the persons' heads 
dates to about 6000–4000 yrs ago, when rapid fire-related aggradation occurred. Inset shows abundant 
charcoal fragments in a muddy, poorly sorted fire-related debris-flow deposit from this section.
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the impact of wildfires, but this is a very large 
and expensive task that can have impacts of 
its own, for example, in roadless areas, and 
there is limited commercial value to the small-
diameter trees that must be removed. Public 
awareness of the hazards that stem directly 
from development in fire-prone forests, as 
well as those from postfire debris flows and 
flash floods on alluvial fans, is key to reduc-
ing risks to life and property. 

Acknowledgments

We thank Jennifer New, Kristin Frechette, 
and Erica Bigio for assistance with field-
work and analyses, and Tim Jull, Todd 
Lange, and others at the NSF-Arizona AMS 
Laboratory for help with radiocarbon anal-
yses. We also benefited greatly from discus-
sions of Sacramento Mountains fire ecology 
and climate with Tom Swetnam and Chris 

Baisan of the University of Arizona Labo-
ratory of Tree-ring Research, and review 
comments by Dave Gutzler and Jane Love 
improved the manuscript. This work was 
supported by the University of New Mex-
ico, New Mexico Geological Society, Geo-
logical Society of America, and Sigma Xi.

References
Asmerom, Y., Polyak, V., Burns, S., and Rassmussen, 

J., 2007, Solar forcing of Holocene climate: new 
insights from a speleothem record, southwestern 
United States: Geology, v. 3, pp. 1–4. 

Brown, P. M., Kaye, M. W., Huckaby, L. S., and Bai-
san, C. H., 2001, Fire history along environmen-
tal gradients in the Sacramento Mountains, New 
Mexico: influences of local patterns and regional 
processes: Écoscience, v. 8, pp. 115–126. 

Buck, B. J., and Monger, H. C., 1999, Stable isotopes 
and soil-geomorphology as indicators of Holocene 
climate change, northern Chihuahuan Desert: Jour-
nal of Arid Environments, v. 43, pp. 357–373.

Castiglia, P. J., and Fawcett, P. J., 2006, Large Holo-
cene lakes and climate change in the Chihuahuan 
Desert: Geology, v. 34, pp. 113-116.

Cook, E. R., Seager, R., Cane, M.A., and Stahle, D. 
W., 2007, North American drought: reconstruc-
tions, causes, and consequences: Earth-Science 
Reviews, v. 81, pp. 93–134.

Davis, O. K., and Shafer, D. S., 1992, A Holocene 
climatic record for the Sonoran Desert from pol-
len analysis of Montezuma Well, Arizona, USA: 
Palaeogeography, Palaeoclimatology, Palaeoecol-
ogy, v. 92, pp. 107–119

Douglass, A. E., 1929, The secret of the Southwest 
solved with talkative tree rings: National Geo-
graphic, December, pp. 736–770.

Frechette, J. D., and Meyer, G. A., 2009, Holocene 
fire-related alluvial-fan deposition and climate in 
ponderosa pine and mixed-conifer forests, Sacra-
mento Mountains, New Mexico: The Holocene, v. 
19, no. 4, pp. 639–651. 

Love, D. W., 1983, Summary of the late Cenozoic 
geomorphic and depositional history of Chaco 
Canyon; in Wells, S. G., Love, D. W., and Gardner, 
T. W. (eds.), Chaco Canyon country: American 
Geomorphological Field Group, Field Trip Guide-
book, pp. 187–194.

Meyer, G. A., Wells, S. G., and Jull, A. J. T., 1995, Fire 
and alluvial chronology in Yellowstone National 
Park: climatic and intrinsic controls on Holocene 
geomorphic processes: Geological Society of 
America, Bulletin, v. 107, pp. 1211–1230. 

New, J., 2007, Holocene charcoal-based alluvial 
fire chronology and geomorphic implications in 
Caballero Canyon, Sacramento Mountains, New 
Mexico: Unpublished M.S. thesis, University of 
New Mexico, 61 pp.

Pierce, J. L., Meyer, G. A., and Jull, A. J. T., 2004, 
Fire-induced erosion and millennial-scale cli-
mate change in northern ponderosa pine forests: 
Nature, v. 432, pp. 87–90.

Shuman, B., Henderson, A. K., Colman, S. M., Stone, 
J. R., Fritz, S. C., Stevens, L. R., Power, M. J., and 
Whitlock, C., 2009, Holocene lake-level trends in 
the Rocky Mountains, U.S.A.: Quaternary Science 
Reviews, v. 28, pp. 1861–1879.

Viau, A. E., Gajewski, K., Sawada, M. C., and Fines, 
P., 2006, Millennial-scale temperature variations 
in North America during the Holocene: Journal 
of Geophysical Research-Atmospheres, v. 111, 
pp. D09102.

Waters, M. R., and Haynes, C. V., 2001, Late Quater-
nary arroyo formation and climate change in the 
American Southwest: Geology, v. 29, pp. 399–402.

FIGURE 3—Record of fire-related sedimentation in the Sacramento Mountains compared to simplified 
Holocene paleoclimatic events from the western USA. The curve at left shows the relative probability 
of fire-related sedimentation, and was constructed by summing probability distributions for calibrat-
ed radiocarbon ages on individual fire-related sedimentation events. Periods of increased fire-related 
sedimentation are inferred based on both radiocarbon age distributions and the nature of stratigraphic 
evidence for fires. References for paleoclimatic information: 1Cook et al. 2007, 2Buck and Monger 1999, 
3Viau et al. 2006, 4Castiglia and Fawcett 2006, 5Shuman et al. 2009, and 6Davis and Shafer 1992.


