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ABSTRACT

Turrialba volcano’s high summit elevation and steep slopes, its position upwind 
of the Central Valley, and its record of explosive eruptions all suggest that it poses 
a signifi cant threat to Costa Rican population and economy. To better understand 
the nature and signifi cance of this threat, the geology, stratigraphy, and recent erup-
tive history of Turrialba were investigated. Outcrops of lava and pyroclastic units 
from at least 20 eruptions of basalt to dacite are recorded in Turrialba’s summit area. 
The majority of these eruptions preceded a major erosional period that may have 
involved glaciation and that produced a prominent northeast-facing valley at Turri-
alba. This period also was apparently marked by a dearth of volcanism. The post-ero-
sional period began with eruptions of massive andesite to dacite lava fl ows ca. 9300 yr 
B.P. Five of the six most recent eruptions, including the eruption of 1864–1866 A.D., 
were small volume (<0.03 km3) phreatic and phreatomagmatic explosive eruptions 
involving basalt and basaltic andesite. The exception was a Plinian eruption of silicic 
andesite at ca. 1970 yr B.P. with a volume of ~0.2 km3. Turrialba’s next eruption will 
likely be similar to the recent eruptions of basaltic to basaltic andesitic composition, 
although a larger volume and more destructive eruption of silicic andesite to dacite 
also is possible.

Keywords: Costa Rica, volcanism, tephrostratigraphy, volcanic risk, glacial erosion, 
Turrialba.
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INTRODUCTION

Turrialba, the southeasternmost young volcano in Costa 
Rica (Fig. 1), is Central America’s second tallest volcano after 
nearby Irazú. These volcanoes are ~10 km apart and their com-
bined volumes comprise the largest stratovolcano complex in 
Central America (Carr et al., 1990). Turrialba is upwind of the 
Central Valley of Costa Rica, which includes San José and most 
of Costa Rica’s other large population centers, as well as its main 
international airport. Therefore, an eruption of Turrialba could 
pose a severe hazard to the economy of Costa Rica. Moreover, 
the frequent rainfall, dense radial hydrographic network, rela-
tively sparse vegetation coverage on its upper fl anks, and limited 
offi cial measures for local emergency response suggest that an 
eruption of Turrialba could pose a particularly serious threat to 
its local population (Duarte, 1990).

Turrialba last erupted between 1864 and 1866, producing 
ash fallout deposits that extended into the Central Valley and 
a few pyroclastic surges that affected the summit of Turrialba. 
Lahars associated with this eruption fl owed down river drainages, 
extending into towns surrounding the volcano. More recently, 
periodic seismic swarms and enhanced fumarolic activity have 
been observed at Turrialba since 1998 (Barboza et al., 2000; 
Fernández et al., 2002; Barboza et al., 2003; Mora et al., 2004). 
With this record of historical eruptions and recent activity, there 
is a strong likelihood that Turrialba will erupt explosively again.

This paper discusses the geology and tephra stratigraphy 
of the Turrialba summit region. It covers all of the geological 
units exposed in and near Turrialba’s summit crater complex, but 
emphasizes units erupted in the past ~3400 yr because of their 

better representation in the rock record. The reconstructed his-
tory is based on geological and stratigraphic observations, geo-
chemical correlations between lavas and tephras (see Appendix 
Table A1), and radiocarbon ages (Table 1). The paper concludes 
with an assessment of the hazards posed by Turrialba volcano to 
its surrounding area.

TURRIALBA’S VOLCANIC HISTORY

The Turrialba massif overlies the complexly deformed Ter-
tiary sediments of the Limón Basin, which are capped by andesite 
lavas dated at 2.15 ± 0.30 Ma (Tournon 1984; Soto, 1988). The 
edifi ce that was built during the current phase of volcanism at 
Turrialba overlies deeply eroded older volcanoes that in combina-
tion represent ~1 m.y. of arc-related volcanic activity (Bellon and 
Tournon, 1978; Gans et al., 2003). The currently active edifi ce has 
an elliptical crater that faces to the northeast and contains three 
interior craters labeled w (west), c (central), and e (east) based on 
their geographic position, as well as three exterior peaks: Cerro 
San Carlos to the north, Cerro San Enrique to the east, and Cerro 
San Juan to the southwest (Fig. 2). Normal faults cut through the 
summit region from near Cerro San Enrique to the southwest for 
several kilometers. Two pyroclastic cones named Tiendilla and El 
Armado, which are generally aligned with these northeast struc-
tural trends, lie 2–3 km southwest of Cerro San Juan and Cerro 
San Enrique (Soto, 1988).

At least 20 eruptions are recorded in the crater region of 
Turrialba, some of which are associated with major lava fl ows 
exposed along Turrialba’s northern, western, and southern fl anks 
(see Soto, 1988). The volcanic units associated with these erup-
tions are separated into two groups based on their stratigraphic 
relationship to a signifi cant erosional period that may have been 
associated with glaciation (see below). The minimum age for the 
oldest volcanism recorded in the summit region is 9300 yr B.P., 
based on the age of the oldest post-erosional lavas. The maxi-
mum age is poorly constrained, but may be ca. 170,000 yr B.P. 
based on 40Ar-39Ar dating of Central Valley volcanics (Gans et al., 
2003). The oldest pre-erosional stratigraphic units cropping out 
in the crater region are medium- to high-K calcalkaline basalts, 
andesites, and dacites (see Table A1) that were vented by at least 
nine eruptions (units 15 and 14; Figs. 3 and 4). Lava fl ows and 
breccias of basaltic andesite (unit 13, 55 wt% SiO

2
) and dacite 

(unit 12, 64 wt% SiO
2
) that crop out along the northwest wall 

of crater c (Fig. 3) and the overlying andesitic 55–57 wt% SiO
2

pyroclastic breccias of unit 11 progressively overlie the lower-
most units. These breccias, which also crop out in crater w and 
the southeast wall of crater c, likely represent several eruptions. 
Lake bed deposits consisting of fi nely bedded white to light gray 
clay and altered talus are exposed in the wall separating craters 
w and c, postdate unit 14 (Fig. 5), and predate the excavation and 
collapse that resulted in the modern crater complex. Medium-
K calcalkaline basaltic andesite lavas (54–55 wt% SiO

2
; see 

Table A1) that dip inward toward the center of crater w are desig-
nated as unit 10 (Fig. 6).

11°

10°

08°

09°

86°       85°                      84°                           83°

Pacific 
Ocean

Caribbean
Sea

San José

50            0            50          100 km

N

Turrialba

Figure 1. Location map for Turrialba volcano in Costa Rica.
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Figure 2. Regional sketch map of geograph-
ic features near Turrialba volcano, includ-
ing cities (indicated by number signs) and 
major drainages. The inset is a topographic 
map of Turrialba’s summit region. Contours 
are in 100 m intervals. The rim of the ero-
sional valley is outlined with a dashed line. 
The three craters of Turrialba’s summit are 
marked (w) for the west crater, (c) for the 
central crater, and (e) for the eastern crater 
east craters. Also labeled are the three sum-
mit peaks of Turrialba.

TABLE 1. RADIOMETRIC AGES FOR SAMPLES FROM TURRIALBA VOLCANO

Sample Unit Material Radiocarbon age 
(yr B.P.)

Calibrated calendar year ages§

89-3* 3 10 cm diameter peat log in phreatic explosion debris  1415 ± 75 644 A.D. (597–668 A.D.)
T-20-m-4 4 <1 cm charcoal fragments in pyroclastic fl ow (pf)    1860 ± 100 131 A.D. (31–318 A.D.)
T-100† 4 3 cm diameter charcoal branch in fallout deposit  1975 ± 45 27–49 A.D. (38 B.C.-76 A.D.)
T-109-7† 4 <1cm charcoal fragments in overlying pf from Irazú  2010 ± 60 36 B.C.–1 A.D. (87 B.C.-63 A.D.)
T-27-b-10 4 Outer 4 cm of a 15–20-cm-thick peat log in fallout deposit  2330 ± 90 397 B.C. (479–260 B.C.)
5-2-89* 5 Small charcoal fragments in base of overlying soil    2495 ± 135 760–560 B.C. (802–401 B.C.)
T-26-b-10 5 Small charcoal fragments in base of overlying soil    2590 ± 180 796 B.C. (905–409 B.C.)
1-6-89* 5 Small charcoal fragments in base of overlying soil  2705 ± 85 831 B.C. (966–800 B.C.)
11-9-89* 6 Small charcoal fragments in underlying soil    2995 ± 215 1258–1218 B.C. (1493–917 B.C.)
4-10-89* 6 Small charcoal fragments in underlying soil    3115 ± 140 1406 B.C. (1520–1133 B.C.)
T-80 8b 1–3 cm charcoalized wood fragments in pf    8250 ± 300 7314–7203 B.C. (7514–6826 B.C.)

*Analyzed at Krueger Enterprises.
†Analyzed at USGS Radioanalytical Laboratory; all others at Teledyne Isotopes.
§Best fi t calendar ages using the correction curves from Stuiver et al. (1998). Ages in parentheses represent the maximum and 

minimum ages defi ned by 1σ total error.
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Medium-K silicic andesite (57–59 wt% SiO
2
) lavas of unit 

9 make up the majority of the crater walls beneath Cerro San 
Enrique, as well as the ridge-crest to the northeast of Cerro San 
Juan (Fig. 4). Another outcrop is found ~300 m south-southwest 
of crater w. The presence of outcrops on three sides of Turrialba’s 
erosional valley indicates that this eruption was one of Turrialba’s 
most voluminous and that it built a tall central summit cone. The 
minimum age for this unit is the 9300 yr B.P. age assigned to unit 
8. The maximum age for this lava is ca. 50,000 yr B.P. based on 
a K-Ar age that is indistinguishable from zero (J.B. Gill, 1986, 
personal commun.).

Much of the northeast side of Turrialba (~1 km3) was 
removed by erosion between the eruptions of units 9 and 8 (i.e., 

between 50,000 and 9300 yr B.P.). The embayment formed by 
this erosion resembles a debris avalanche crater (Fig. 2). How-
ever, a major debris avalanche deposit has not been identifi ed on 
the laharic plane to the north of Turrialba volcano, suggesting 
that the embayment was produced by a different mechanism and/
or in piecemeal fashion by a number of mass wasting events.

The time constraints on the erosional period coincide with 
the Chirripó and Talamanca glacial episodes of Costa Rica’s 
Cordillera de Talamanca, 50–80 km south to southeast (Orvis 
and Horn, 2000; Lachniet and Seltzer, 2002). Extrapolation of 
Tu rrialba’s present-day slopes toward a central peak indicates 
that its former elevation could have been >3500 m before erosion. 
This height may have been suffi cient to allow ice accumulation 
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Figure 3. Photograph and sketch of the 
northwest wall of crater c. Perspective 
is from the southern rim of crater c. Unit 
numbers are labeled on the sketch maps.
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during the maximum Talamanca (Lachniet and Seltzer, 2002) or 
Chirripó IV (Orvis and Horn, 2000) glacial events, which had 
equilibrium line altitudes as low as 3300 m in the Cordillera de 
Talamanca. Therefore, the horseshoe-shaped morphology of the 
crater rim may have begun as a cirque that was carved by ice into 
the northeast-facing slope of a peak centered near the location of 
crater c before 12,000 yr B.P. (see Orvis and Horn, 2000). Fol-
lowing this glacial erosion, subsequent slope failures, including 
one signifi cant enough to leave a hummocky deposit within the 
Río Elia–Río Guácimo valley ~3 km northeast of crater e (Soto, 
1988), and stream erosion widened and deepened this valley.

The fi rst eruptions after the erosional period produced three 
large lava fl ows of high-K silicic andesite and dacite. These fl ows 

have been grouped into unit 8 (Fig. 7). The oldest of these lavas 
is an olivine-augite-orthopyroxene silicic andesite (subunit 8a) 
that is exposed along the Río Guácimo and a dacite (subunit 8b) 
that fl owed through the mouth of the Río Elia–Río Guácimo val-
ley and forms a 200-m-ridge 12 km to the north of Turrialba’s 
crater complex. A dacitic pyroclastic fl ow overlying the outcrop 
of unit 9 southwest of crater w may be the stratigraphic equiva-
lent of subunit 8b. If so, then subunit 8b erupted ca. 9300 yr B.P. 
based on a radiocarbon age of 8250 ± 300 yr (Table 1) corrected 
to calendar years using the method of Stuiver et al. (1998). Mas-
sive lava fl ows of 57–58 wt% SiO

2
 hornblende-orthopyroxene-

augite-olivine andesite overlie these two lavas and make up the 
northeast and east walls of crater e (subunit 8c, Fig. 5). These 
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fl ows erupted from a vent that was located in what is now cra-
ter e and fl owed down the northeast-facing valley and eventually 
traveled up to 20 km from the vent (Fig. 7), where fl ow-fronts 
are 60–80 m tall. The total volume of unit 8 is at least 4.5 km3,
based on the assumption that its thickness averages a minimum 
of 150 m. This is one of the largest lava fl ow complexes recorded 
in Central America, and may have been the result of magma 
ponding and differentiation during the erosional era followed by 
rapid extrusion of the stored magma once the glacier and summit 
area was removed.

A fundamental change in Turrialba’s eruptive style occurred 
between the eruptions of units 8 and 7. Whereas the eruptions of 
unit 8 produced relatively large-volume andesite to dacite lava 
fl ows, succeeding eruptions were more predominantly explo-
sive and, with the exception of unit 4, were generally less silicic. 
Although tephra deposits from these eruptions are relatively 
widespread, the associated lavas are confi ned to the interior of 
Turrialba’s crater complex.

Unit 7 consists of basaltic andesitic (~56 wt% SiO
2
, see 

Table A1) scoria in pyroclastic fall and surge beds that underlie 
unit 6 on the south side of crater c (Fig. 4). This scoria consists of 
red to dark gray augite-olivine basalt and contains <1 cm blebs 
of porphyritic dacite pumice. This dacite may have been the last 
remnant of the silicic unit 8 magmas fl ushed from the system 
by eruption of the basaltic andesite. Charcoal from an overly-
ing soil horizon exposed in a road cut below the radio tower on 
Turrialba’s southeast side was dated at 2995 ± 215 radiocarbon 
years (Table 1), which corrects to a calendar age of ca. 3200 yr 
B.P. Thus, the minimum age of unit 7 is 3200 yr B.P. Ash found 
within a peat deposit 35 km northeast from Turrialba volcano at 
El Silencio has a radiocarbon age of 3370 yr B.P. (Obando and 
Soto, 1993) and may be the equivalent of unit 7.

On the southeast rim of crater c, unit 6 consists of interbed-
ded well to moderately sorted and laminated dark gray juvenile 
ash and poorly sorted ash, lapilli, and block deposits with dense 
juvenile clasts up to 1 m in length. On Turrialba’s fl anks (Fig. 8), 
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the base of the deposit consists of yellow clay that originally was 
phreatic explosion debris. Overlying this are weakly to highly 
weathered gray to dark gray fi ne to coarse juvenile ash depos-
its. Where undisturbed, these deposits are usually fi nely bedded 
and rarely cross-bedded. Juvenile clasts are olivine-augite basalt 
or basaltic andesite, with minor augite-orthopyroxene silicic 
andesite to dacite and hybrids of these two compositions. Well-
developed orange-brown soil horizons underlie and overlie this 
deposit. The maximum age of unit 6 is 3400 yr B.P. based on the 
3115 ± 140 yr B.P. radiocarbon date of charcoal fragments from 
the underlying soil horizon (Table 1). The minimum age of unit 6 
can be estimated by the age of the soil atop unit 5.

Unit 5 comprises thin, poorly-sorted ash and lapilli deposits 
found on Turrialba’s upper fl anks (Fig. 9). This deposit is highly 
weathered, consisting of dense angular andesitic lapilli in a light 
gray to tan clay matrix, and probably was deposited by pyroclas-
tic fl ows or surges. No well-sorted deposits clearly related to ash 
fallout were observed, although such deposits may have been 
obscured by weathering. Charcoalized wood fragments <2 cm in 
length from the base of a well-developed soil that overlies unit 5 
were dated between 2705 ± 85 and 2495 ± 135 radiocarbon years 
(Table 1). The charcoal’s location at the base of the soil suggests 
that it was produced in the eruption or from a fi re relatively 
shortly after eruption. Thus, the best estimate for the calendar 
year age of unit 5 is a calibrated age based on the oldest of these 
radiocarbon ages, ca. 2800 yr B.P., and the maximum repose time 
between unit 5 and 6 was ~600 yr.

Unit 4 consists of air fall, surge, and pyroclastic fl ow depos-
its of high-K, 58–59 wt% SiO

2
 andesite that erupted from a vent 

in the vicinity of crater c. This andesite can be distinguished from 
those of other units by its abundant phenocrysts (30%) of plagio-
clase, dark green augite, orthopyroxene, and rare olivine in frothy 
pumice, and its relatively high SiO

2
 concentrations. It is useful 

as a marker horizon for central Costa Rica (see Clark et al., this 
volume). The deposits are up to 40 m thick on Cerro San Carlos, 
1.3 m thick 2.5 km from the summit, and 0.1 m thick ~20 km 
west of Turrialba (Fig. 7). Pyroclastic fl ow and surge deposits 
from this same eruption overlie the fallout deposit on the south 
and west fl anks of Turrialba. Radiocarbon ages of the fallout and 
pyroclastic-fl ow deposits range from 2330 ± 90 yr B.P. to 1860 
± 100 yr B.P. The most precise date (1975 ± 45 yr B.P.) is from a 
3-cm-thick charcoalized branch found in fallout pumice near the 
summit of Turrialba. The most likely calendar age of this branch 
and the fallout deposit is ca. 1970 yr B.P. (see Table 1). Melson et 
al. (1985) report a similar radiocarbon age (1970 ± 90) for a phre-
atic explosion layer that is overlain by a pumiceous fall deposit 
and underlain by a paleosol bearing 2000 yr B.P. ceramic frag-
ments. Therefore, the repose time between the eruptions of units 
4 and 5 was ~800 yr.

On the east rim of crater c, unit 4 comprises interlayered 
buff, gray, and dark-gray beds consisting almost entirely of angu-
lar clasts of juvenile siliceous andesite up to 40 cm in length 
(Fig. 10). The buff layers are poorly sorted to well-sorted, consist-
ing of lapilli and blocks of juvenile pumice, with lesser amounts 

of dense, dark gray juvenile clasts (5%–15%) and altered vol-
canic lithics (<5%). Large pumice blocks grade outward from a 
dark-brown core through a 1–5 cm pink zone to a 1–3 cm thick 
buff rim (Plate 1). This pumice is interbedded with gray, poorly 
sorted layers of dense to coarsely vesicular juvenile clasts and 
minor altered lithic fragments.

Downwind to the west, along the crest of the fallout disper-
sal pattern, and within 1–10 km of the summit, unit 4 is normally 
graded overall and consists of 4 layers, labeled A–D from bottom 
to top (Fig. 10; Plate 2). Layer A is well-sorted, normally graded, 
and is mostly buff pumice lapilli with subordinate amounts of 
dark gray, dense juvenile clasts and accidental ejecta. Within 
2 km of the summit, thinly bedded surge deposits of gray ash 
sometimes underlie layer A. The base of layer B usually consists 
of <1 cm of fi ne pink ash. Most of layer B is moderately sorted, 
weakly bedded, medium gray, and consists of buff pumice lapilli 
and gray ash. Layer C is like layer A but is fi ner-grained. Layer D 
is a moderately sorted gray ash that contains sparse pumice lapilli. 
Farther downwind, near the town of Las Nubes, unit 4 consists 
of one well-sorted bed consisting of lapilli and coarse ash with a 
distinctive salt-and-pepper appearance. On Turrialba’s east, west, 
and south fl anks, and within 3 km of the vent, the fallout tephras 
of unit 4 are usually overlain by interbedded pyroclastic fl ow and 
surge deposits from the same eruption (Fig. 11).

The minimum volume of the fallout deposit was calculated 
to be 0.2 km3 using the method of Pyle (1989) and the contours 
shown in Figure 7. Adding the over-thickened proximal fallout 
deposits and the relatively minor volumes of pyroclastic fl ows 
and surges associated with this eruption would bring the total vol-
ume to no more than about double this amount.

The pyroclastic deposits of unit 3 overlie a well-developed 
soil horizon atop unit 4 (Fig. 12). This soil contains charcoal 
dated at 1630 ± 160 radiocarbon years by William Melson (1990, 
personal commun.). On the west rim of crater c, unit 3 has a buff 
to tan basal portion, which is massive and poorly sorted at its base 
and moderately sorted and well-bedded on top. Overlying this is 
a dark gray upper portion that consists of interbedded near-vent, 
surge, and fallout deposits, with the proportion of fallout depos-
its increasing down-section. Greater than 20 m of gray near-vent 
pyroclastic deposits make up unit 3 in northern crater c, at the 
head of the Río Elia (Fig. 12), suggesting that pyroclastic surges 
of unit 3 may have fl owed down the Río Elia Valley. On the west-
ern rim of crater c, the lowermost juvenile clasts consist of white 
bands of nearly pure dacite intermingled with black bands of a 
60% basaltic andesite–40% silicic andesite mixture. Juvenile 
clasts in overlying deposits are mostly basaltic andesite.

On Turrialba’s fl anks, unit 3 has a yellow to tan base entirely 
consisting of highly altered volcanic clasts (Plate 3). The base 
generally makes up one-third to two-thirds of the total deposit 
and usually is massive and poorly sorted, although moderately 
well-sorted and laminated strata with rare cross-beds are occa-
sionally present. The overlying beds are dark gray and mas-
sive to planar with rare cross-beds and consist of moderately to 
well-sorted mostly juvenile basaltic andesite ash. An orange- to 
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clasts are shown by fi elds of open circles. Well-bedded pyroclastic surge and fallout deposits with juvenile clasts are shown by fi elds of horizontal 
dashed lines. Similar deposits, but with mostly nonjuvenile clasts are shown by fi elds of dashed lines and x’s; x’s alone represent poorly sorted 
deposits of nonjuvenile debris. Fields with randomly oriented angular forms are pyroclastic fl ow deposits. Randomly oriented dashes represent 
soil horizons. Subdivisions within unit 1 represent the estimated dates of eruption: 4 = 1864; 4–5 = 1864–1865; 6 = 1866. Subdivisions A–D for 
unit 4 are described in text. C—central crater; E—east crater; W—west crater.
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red-brown soil that is typically thinner than the underlying soil 
caps unit 3.

A 10 cm thick peat log found within the basal nonjuvenile 
surge beds of unit 3 yielded a radiocarbon age of 1415 ± 75 
(Table 1), which corrects to a calendar age of ca. 1360 yr B.P. 
(Stuiver et al., 1998). Thus, the repose time between the eruptions 
of units 3 and 4 was ~600 yr.

Within Turrialba craters, pyroclastic deposits of unit 2 over-
lie unit 3 in the southeast wall of crater e and the south wall of 
crater w and unit 15 in the east inner wall of crater c (Figs. 5, 
6, and 13). The deposits are generally well-bedded, well-sorted 
to poorly sorted, and buff to gray. Nonjuvenile, variably altered 
volcanic clasts dominate most beds. Nevertheless, juvenile basal-
tic andesite clasts are found in exposures around craters c and e. 
Where bedding is well-preserved, unit 2 is moderately to well 
sorted and well bedded, and has rare cross beds. The upper 5–
20 cm usually has a pervasive pale orange tint and some more 
deeply orange horizons and veins (Plate 3). This likely repre-
sents a weakly developed soil and suggests that the repose time 
between the eruptions of units 1 and 2 is signifi cantly less than 
the intervals between the eruptions of units 2–6.

Unit 1, which erupted in 1864–1866 A.D., mantles most of 
Turrialba’s summit region (Fig. 14). Juvenile lavas and pyroclasts 
of unit 1 are 52.5–53 wt% SiO

2
 basalt (see Table A1). On the 

fl oor of crater c, unit 1 comprises agglutinates and rootless lava 
fl ows overlain by surfi cial fallout and near-vent fl owage deposits. 
On the crater rims, it consists of alternating beds of well-sorted 
to poorly sorted pyroclastic deposits (Plate 4). Its thickness is 
highly irregular, refl ecting syn- and post-eruption erosion, as 
well as variable depositional thickness. Its base often consists 
of poorly sorted deposits of ash- to block-sized clasts of buff to 
yellow altered volcanic rock. Overlying deposits are well bed-
ded and poorly to well sorted, with the proportion of juvenile 
clasts increasing up-section. Some of these beds are indurated 
and vesicular, and some have low angle cross beds. About 10%–
30% of the sections along Turrialba’s crater rims consist of open-
network well-sorted ash or lapilli deposits. Within 200–500 m of 
crater w, the uppermost layer is a fallout deposit of highly altered 
volcanic debris that erupted from crater w.

Outside of the crater, to the east of the Turrialba crater com-
plex, the base of unit 1 consists of buff to yellow ash and lapilli of 
altered volcanic debris. Most of this deposit is poorly sorted, but 
some well-sorted ash beds are present. To the west and south, the 
base of unit 1 is a varicolored horizon consisting of interlayered 
yellowish and light to dark gray beds made up of more and less 
altered volcanic clasts. The top of this bed often has some discon-
tinuous orange-stained horizons. This is overlain by a thin, poorly 
sorted yellowish deposit rich in nonjuvenile clasts. The upper of 
two-thirds to nine-tenths of unit 1 consists of plane parallel layers 
of moderately to well-sorted ash with rare cross beds (Plate 5). 
Some of these beds are indurated and vesicular. Cross bedding is 
particularly conspicuous in deposits associated with topographic 
lows (Plate 6). The ash in these beds is mostly juvenile basalt 
with 10%–40% nonjuvenile volcanic debris. One well-sorted 

fall bed composed of scoria lapilli is present in sections to the 
west and southwest of Turrialba’s summit. Poorly sorted deposits 
<2 m thick that likely represent lahars from the 1864–1866 erup-
tion are found in patches along the banks of the Río Aquiares 
near the town of Aquiares and along the Río Guacimo and Río 
Roca valleys 7 km north of Turrialba’s summit.

Although the thicknesses of units 1, 2, 3, 5, and 6 are highly 
irregular, they appear to be similar to or less than the thicknesses 
measured at similar distances for basaltic tephras erupted in 
1963–1965 from Irazú volcano. Thus, all of these units probably 
have volumes ≤0.03 km3, which is the estimated volume for the 
1963–1965 eruption (Clark et al., this volume).

THE 1864–1866 ERUPTION

The following discussion is our interpretation of the 1864–
1866 eruption sequence based mostly on the eyewitness accounts 
reported in González-Viquez (1910). Following a period of 
enhanced fumarolic activity beginning on or before 1723 A.D., 
Turrialba began erupting signifi cantly on 17 August 1864 and 
continued erupting until at least February 1866.

On 26 February 1864, an expedition to Turrialba found a 
summit region with an active crater >100 m deep with more than 
100 fumaroles in its walls and bottom (see Figs. 2 and 10). This 
may have been a precursor to today’s crater w. The interior four 
walls of the crater were steep and black to yellow and white in 
color. The west crater wall and crater fl oor were intensely altered, 
and the west crater wall was hot to the touch. No vegetation was 
present within the crater area, and much of the vegetation to the 
west and northwest was dead because of acid rain. Areas near 
the fumaroles were covered with sulfur. The vapors from all of 
the fumaroles combined and rose ~200 m above the summit. The 
accounts suggest that the summit had two “dead” craters, one to 
the east and one to the northeast. These probably correlate to the 
area occupied by craters c and e today.

The explosive eruption of Turrialba began on 17 August 
1864. Ash fell on Costa Rica’s Central Valley throughout 16–21 
September, and ash was detected as far west as Atenas and Gre-
cia. Enough ash fell in San José that it caused alarm and could be 
scooped up for a chemical analysis, but apparently not enough to 
cause major hardship. The thickness of ash in San José, therefore, 
was probably less than ~2 mm.

A second expedition trekked past a lake with more than a 
third of a meter of ash nearby and reached Turrialba’s summit 
on 30 September 1864. Although the location of the lake is not 
well described, the only lake close enough to Turrialba’s summit 
to have received this much ash is a transient lake 3 km south-
west of crater c. A stratigraphic column of unit 1 from the lake 
area (Fig. 10) shows a 36-cm-thick varicolored basal unit bear-
ing cross-beds that may correspond to the deposit seen by the 
expedition.

The summit region and the fumarolic activity had changed 
substantially since the fi rst expedition. Where there were 100 
fumaroles before, there was now one, which was a belching green 
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C

D

2

3

Plate 1. Clasts in unit 4 near radio tower at Turrialba’s summit.

Plate 2. Downwind stratigraphy of unit 4. Subdivi-
sions A–D for unit 4 are described in text.

Plate 3. Units 2 and 3 in roadcut 2 km south of 
Turrialba’s crater complex.
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Plate 6. Cross-bedding in unit 1.

Plate 4. Unit 1 near rim of crater w. Plate 5. Unit 1 tephra in roadcut 2 km west of Turrial-
ba’s crater complex.
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to black plume about twice as tall as the one seen during the fi rst 
trip. Blue fl ames, possibly from the burning of sulfur, were asso-
ciated with this plume. The roar of this vent was very loud, and 
the mountain was continually shaking. Part of the summit was 
missing, and it was suggested that it fell into the new crater and 
was thrown back out as ash. A lot of this ash apparently went to 
the north and northwest. Large blocks lay on the surface in the 
entire summit region. Vegetation was destroyed between Turri-
alba volcano and near where the Río Tortuguero (now named the 
Río Toro Amarillo) starts, and for many kilometers to the north-
west and west of Turrialba volcano.

It appears that after the 16–20 September eruption, there 
was still only one active crater (crater w), but it had been sig-
nifi cantly widened. This excavated material was deposited to 
the north, south, and west of the volcano by ash fallout and 
pyroclastic surges. It is likely that little magma was involved in 
this part of the eruption and that the lowermost varicolored beds 
of unit 1 found west and southwest of Turrialba are associated 
with this eruption.

A third expedition visited Turrialba on 9 March 1865 after 
more ash had fallen on San José during late 1864 to 8 March 
1865 (von Seebach, 1865). This expedition found a widened 
westernmost crater with a funnel shape like today’s crater w. The 
additional material excavated from crater w was probably depos-
ited as the yellow to tan beds overlying the varicolored beds in 
unit 1. Although this expedition observed some bombs near the 
craters, it is likely that juvenile pyroclasts still did not make up a 
signifi cant proportion of the ejecta.

Eruptions in January and February 1866 were apparently the 
largest of the 1864–1866 eruptive period. Ash fell in the Central 
Valley for four days in January and three days in February, and 
fell as far as Puntarenas (125 km away) ca. 1 February. The juve-
nile-clast–rich upper portions of unit 1 probably erupted during 
this period, including the thick scoriaceous deposits on the south 
side of crater w and the rootless lava fl ows and agglutinates on 
the fl oor of crater c. Most of the material probably erupted from 
the interior crater of crater c. Two concentric tephra rings that run 
along the northeastern fl oor of crater c show that the vent crater 
was larger and located farther east during early stages of the erup-
tion. The distribution of tephra deposits suggests that much of the 
area within 5 km of the volcano was buried in thick ash by the 
eruption. The eruption concluded with a small phreatic explosion 
from crater w.

In summary, the most recent eruption of Turrialba volcano 
began on 17 August 1864 and lasted into February 1866. The 
eruption was entirely explosive. Phreatic explosions from cra-
ter w characterized the fi rst year of the eruption. During the 
fi nal two months of eruption, juvenile basalt was expelled in 
phreatomagmatic eruptions from crater c, followed by a last 
phreatic explosion from crater w. The phreatic and phreatomag-
matic explosions produced eruption columns that rained ash 
and lapilli in the Turrialba summit region and downwind to 
the west. Pyroclastic surges may have occurred in the summit 
region during the eruption.

TURRIALBA’S PYROCLASTIC DEPOSITS AND 
ASSOCIATED ERUPTIONS

Internal structures and distributions of many of the depos-
its from Turrialba volcano indicate that they were deposited by 
fallout of ash and lapilli. For example, the salt and pepper lapilli 
beds of unit 4 and the well-sorted scoria beds of unit 1 are good 
examples of fallout beds. In contrast, the block, lapilli, and ash 
deposits of unit 4 clearly were deposited by pyroclastic fl ows and 
surges. However, the deposits associated with many of the explo-
sive basaltic and andesitic tephras of Turrialba (e.g., the cross-
bedded and well-sorted deposits in unit 1) have characteristics 
that are intermediate between those expected for pyroclastic falls 
and surges.

Along Turrialba’s crater rims, tephra deposits are well bed-
ded with typical thicknesses of 10–50 cm. The beds range from 
continuous to discontinuous, and sorting is variable. Well-sorted 
beds composed completely of ash or lapilli are common, as are 
poorly sorted block, lapilli, and ash beds. Dropstones are com-
monly present. At distances >1 km from its crater complex, 
Turrialba’s basaltic and basaltic andesitic deposits are bedded on 
a millimeter to 10 cm scale. They are ubiquitously fi ne-grained, 
consisting of moderately sorted to well sorted ash, which sug-
gests that they were ejected by phreatomagmatic explosions (e.g., 
Fischer and Schmincke, 1984). The bedding is commonly later-
ally continuous on an outcrop scale, although variations in bed-
ding thickness and low-angle dune- to steep ripple-scale cross 
bedding is sporadically present (Plate 6). Some well-sorted ash 
beds are friable, but many beds are indurated, and some of these 
consist of coarse ash fragments coated with fi ne ash. These beds 
are commonly vesicular, indicating the presence of condensed 
water during deposition. In contrast to typical fallout sequences, 
which typically are lobate and thicken toward the source and in 
the downwind (west to northwest) direction, these deposits have 
more uneven depositional patterns (Figs. 8–14).

The 1963–1965 eruption of basaltic andesite from Irazú 
volcano (Murata et al., 1966; Krushensky and Escalante, 1967; 
Alvarado, 1993; Clark et al., this volume) produced pyroclastic 
deposits that are similar to those of Turrialba and may be good 
analogues for the recent eruptions of Turrialba. The 1963–1965 
eruption was characterized by periodic Strombolian to vulca-
nian explosions, whose intensities ranged up to a VEI (volcanic 
explosivity index; Newhall and Self, 1982) of 3 with intervening 
quiescent periods that varied over day-long to month-long stages 
(Sáenz et al., 1982; Alvarado, 1989; Simkin and Siebert, 2002; 
Clark et al., this volume). The eruption began with phreatic explo-
sions that tossed dense blocks more than a kilometer and covered 
the western fl anks of Irazú with ash. Over the succeeding two 
years, explosions produced fi ne-grained ash beds similar to those 
of the mafi c eruptions from Turrialba. The frequent heavy rain-
falls also generated destructive lahars and fl oods of ash-choked 
water. The descriptions of Murata et al. (1966) and Krushensky 
and Escalante (1967) indicate that most of the laminated ashes 
erupted in 1963–1965 were fallout deposits. They attributed the 
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ripples they observed to aeolian processes, although pyroclastic 
surges produced similar deposits on north side of the volcano (see 
Hudnut, 1983). The high degree of tephra fragmentation refl ects 
recycling of conduit wall, as well as a high degree of magma-
water interaction during the eruption (Alvarado, 1993).

These observations suggest that the majority of the laminated 
deposits from explosive basaltic and basaltic andesitic eruptions 
at Turrialba were fallout tephras from vulcanian to Strombolian 
explosions with a VEI of 3 or less. Their somewhat uneven dis-
tributions can be attributed to syneruption erosion. Some of the 
cross bedding observed in units 1–3 may have resulted from 
reworking of unconsolidated ashes by wind, sheet-wash, and 
stream-fl ow. Nevertheless, the dropstone-bearing cross-bedded 
deposits found in Turrialba’s crater complex were probably asso-
ciated with pyroclastic surges. Thus, pyroclastic surges did occur 
during Turrialba’s recent eruptions of basalt and basaltic andesite 
and constitute a risk during future eruptions. 

IMPLICATIONS FOR THE POTENTIAL HAZARDS OF 
TURRIALBA

Beginning in May 1996, seismic activity recorded by a 
single station installed at the summit of Turrialba in 1990 esca-
lated from 0 to 91 earthquakes per month to a maximum of 2000 
earthquakes per month in October 2000. This seismicity included 
long-period events. From 2000 to 2004, eight additional seismic 
pulses were documented by a four station local network that was 
installed in 2000 (Barboza et al., 2000, 2003). This period of 
enhanced seismicity was accompanied by fumarolic activity that 
increased in area, fl ux, and concentration of magmatic constitu-
ents in craters c and w. Burned vegetation, opening of ground 
cracks, small landslides, rock alteration, and soil heating around 
both craters also has been reported (Fernández et al., 2002). This 
recent activity and the relatively short repose period indicated by 
the weakly developed soil between units 1 and 2 suggest that Tur-
rialba may erupt again within the next several years to several 
decades.

Five of the six most recent signifi cant eruptions, including 
the last three, ejected ≤0.03 km3 of altered volcanic debris and 
juvenile basalt or andesite tephra in VEI ≤3 explosions from the 
summit crater complex. The most probable signifi cant future 
eruption of juvenile magma, therefore, would probably occur 
from the summit craters and would be of similar volume and 
type. The presence of relatively young cinder cones on Turrial-
ba’s southwest fl ank shows that eruptions along the crater linea-
ment, but away from the summit, are also possibility. Like past 
eruptions of Turrialba, the initial phase of renewed activity would 
likely involve phreatic explosions. These explosions would pro-
duce fallout deposits that could signifi cantly blanket areas within 
2–3 km of Turrialba’s summit with ash and generate pyroclas-
tic surges affecting the summit region. A few millimeters of ash 
could fall on the Central Valley during these types of eruptions.

Although it is possible that the eruption would end during the 
phreatic phase, it is likely that a phreatomagmatic vulcanian to 

Strombolian phase would follow. Area similar to that affected by 
the 1864–1866 eruption would be affected by such an eruption. 
Ash fall would be heavy in the summit area. Downwind to the 
west, in the area between Irazú and Cerro Alto Grande, <10 cm 
of ash would be expected. In the Central Valley, near San José 
and Heredia, the ash fall would probably be <1 cm. Pyroclas-
tic surges would likely accompany an eruption and could affect 
areas within a few kilometers of the summit. Low-topography 
areas, such as river valleys, would have the highest risk of pyro-
clastic surge damage. Mudfl ows and fl oods could occur in many 
of the drainages leading off of the summit, including Río Toro 
Amarillo, Río Mercedes, Río Elia, Río Roca, Río Guácimo, Río 
Guayabo, Río Guayabito, and Río Aquiares. It is possible, though 
unlikely, that the eruption would conclude with lava effusion.

The young tephra deposits of the historically more active 
Irazú volcano are similar to those of Turrialba. At Irazú, only 
10% of historic eruptions have left discernable deposits (Clark 
et al., this volume), suggesting that many small eruptions with 
VEI values of 2 or less may have occurred at Turrialba and were 
not recorded in its stratigraphy. Thus, minor phreatic and phre-
atomagmatic eruptions associated with shallow magma intru-
sions that would only affect the summit region of Turrialba are 
also possible.

Relatively large volumes of silicic andesite tephra (unit 4) 
and massive silicic andesite and dacite lava fl ows (unit 8) have 
erupted since 9300 yr B.P. Thus, destructive eruptions of silicic 
andesite and dacite are possible at Turrialba. However, the likeli-
hood of such eruptions at Turrialba is lower than for an erup-
tion of more mafi c lava, as Turrialba’s last two eruptions ejected 
juvenile basalts and basaltic andesites and the third oldest erup-
tion involved only a minor amount of silicic andesite mixed with 
basaltic andesite.

A Plinian eruption of a silicic andesite, like that of unit 4, 
would be signifi cantly more destructive than an eruption of basalt 
or basaltic andesite. Ash fall in the Central Valley could reach 
several centimeters. Pyroclastic fl ows or surges could extend 
>10 km from the summit. Potentially destructive lahars would 
likely be generated by such an eruption. Large volume lava fl ows, 
such as those of unit 8, are also a remote possibility with this type 
of eruption.

There is a risk of debris avalanching during future eruptions 
of Turrialba. Features that promote failure of a volcanic edifi ce 
and debris avalanching are (1) a steep slope, (2) massive lavas 
overlying weak pyroclastic substratum, (3) widespread hydro-
thermal alteration of the core of a volcano (e.g., Reid et al., 2001), 
(4) the migration of vents in a direction parallel to the axis of the 
avalanche caldera, and (5) water saturation of the edifi ce (Siebert, 
1984; Siebert et al., 1987; McGuire, 1996). Turrialba has all of 
these features. Turrialba’s northeast side has the greatest danger of 
failure (Fig. 2) because it has its steepest slope, it is aligned with 
Turrialba’s vents and faults, and has young, dense lavas overlying 
an altered volcanic core. If such an avalanche occurred, it would 
fl ow down the Río Elia–Río Guácimo valley onto the northern 
plain. Debris avalanches usually travel ~2–20 times as far as the 
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vertical drop (Ui, 1983; Siebert, 1984). The vertical drop at Tu rri-
alba would be ~2.5 km. Thus, the region containing Jiménez, 
Suerre, and Guápiles could be inundated by such an avalanche. 
Avalanching of the relatively steep southern, western, and north-
western portions of the edifi ce is also possible. Indeed, Alvarado 
et al. (2004) documented a 0.75–1.4 km3 debris avalanche down 
the Turrialba river valley ~17,000 yr ago that resulted from the 
collapse of the highland between Turrialba and Irazú volcanoes.

Volcanic blasts are often, though not necessarily, associated 
with debris avalanches (e.g., the 18 May 1980 eruption of Mount 
St. Helens; Mullineaux and Crandell, 1981), and such an event 
could occur at Turrialba. If it did, it would probably be in the 
same direction as the debris avalanche initially, but would not fol-
low topography as closely and could spread out over ridges onto 
the northern plane for several kilometers.

CONCLUSIONS

At least 20 eruptions of basaltic to dacitic lavas and tephras 
are recorded in the stratigraphy of Turrialba volcano’s summit 
region. A period of enhanced erosion and apparently diminished 
volcanism divides this stratigraphy into pre-erosional and post-
erosional units. This erosion-dominated period approximately 
coincided with the Chirripó and Talamanca glacial episodes of 
Costa Rica’s Cordillera de Talamanca. This, the likelihood that 
Turrialba had a central peak that exceeded 3500 m in elevation 
before the erosional period and the morphology of its prominent 
northeast-facing valley suggest that Turrialba may have hosted a 
glacier during the last glacial maximum.

The fi rst signifi cant eruption of the post-erosional period 
was marked by the eruption of massive andesite to dacite lava 
fl ows at ca. 9300 yr B.P. These lavas fl owed down the northeast-
facing valley and out onto the laharic plane as much as 20 km 
from Turrialba’s summit. Suppression of volcanic activity during 
glaciation followed by enhanced volcanism during interglacials 
has been noted elsewhere and probably results from a change in 
the stress distribution in the crust due to ice loading (e.g., Hall, 
1982; Nakada and Yokose, 1992; McGuire et al., 1997; Glazner 
et al., 1999). At Turrialba, the removal of a cirque glacier and 
the upper volcanic edifi ce could have decreased the vertical com-
ponent of the stress fi eld between 1 and 5 MPa depending on 
the size, shape, and positioning of the central summit cone pro-
duced by the eruption of unit 9 and glacier. Rebound above the 
active vent system may have been suffi cient to trigger eruption of 
magma that had ponded and differentiated beneath the tall edifi ce 
built by the last pre-glacial eruption.

Six explosive eruptions are recorded in the tephra stratigra-
phy at Turrialba over the past 3400 yr. Most were small volume 
(≤0.03 km3) phreatic and phreatomagmatic explosive eruptions 
involving mostly basalt and basaltic andesite. The exception was 
a Plinian eruption of ~0.2 km3 of silicic andesite at ca. 1970 yr 
B.P. Repose periods between signifi cant eruptions over the past 
3400 yr have principally been in the range of 800–600 yr. How-
ever, the weak soil horizon between the second oldest tephra and 

the tephra erupted in 1864–1866 A.D., as well as the recent seis-
micity, fumarolic, and deformational activity observed beneath 
Turrialba (Barboza, et al., 2000, 2003; Fernández et al., 2002; 
Mora et al., 2004) suggest that Turrialba may have entered a 
more active phase.

Then next eruption probably will be similar to the 1864–1866 
and other recent basaltic to basaltic andesitic eruptions. Never-
theless, a larger volume and more destructive eruption of silicic 
andesite also is possible. Turrialba’s steep slopes, particularly the 
northeast slope of the cone fi lling the erosional valley, could be 
susceptible to debris avalanching, and Turrialba should be moni-
tored carefully for deformation during any future eruption.
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