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Middle Miocene closure of the Central
American Seaway
C. Montes,1* A. Cardona,2 C. Jaramillo,3 A. Pardo,4 J. C. Silva,5 V. Valencia,6 C. Ayala,7

L. C. Pérez-Angel,1 L. A. Rodriguez-Parra,1 V. Ramirez,8 H. Niño8

Uranium-lead geochronology in detrital zircons and provenance analyses in eight boreholes
and two surface stratigraphic sections in the northern Andes provide insight into the
time of closure of the Central American Seaway. The timing of this closure has been
correlated with Plio-Pleistocene global oceanographic, atmospheric, and biotic events.
We found that a uniquely Panamanian Eocene detrital zircon fingerprint is pronounced in
middle Miocene fluvial and shallow marine strata cropping out in the northern Andes
but is absent in underlying lower Miocene and Oligocene strata. We contend that this
fingerprint demonstrates a fluvial connection, and therefore the absence of an intervening
seaway, between the Panama arc and South America in middle Miocene times; the Central
American Seaway had vanished by that time.

C
losure of the Central American Seaway,
defined here as the deep oceanic seaway
along the tectonic boundary of the South
American plate and the Panama arc, is
thought to have modified the salinity of the

Caribbean Sea, ultimately affecting ocean circu-
lation patterns and global climate (1), as well as
to have triggered the Great American Biotic In-
terchange (2). However, the role of the formation

of the Panamanian Isthmus in such global changes
remains controversial, in part because of the dif-
ficulty of establishing a precise chronology of
seaway closure (3). Data on the chronology of
Isthmus emergence suggests that the closure not
only occurred earlier than previously thought (4)
but also may have resulted from factors other
than the emergence of currently high terrain in
Panama (5, 6).

The Uramita suture (7) separates the young
Panama arc to the west from the old Andean
terranes to the east (Fig. 1). These are mutually
exclusive geochronological domains that are ide-
ally suited for documenting the time of detrital
exchange. The young Panama magmatic arc was
built on an oceanic plateau substrate (8) during
latest Cretaceous to Eocene times [67 to 39 mil-
lion years ago (Ma), with a peak around 50 Ma]
(6, 9), with renewed magmatic activity as young
as 19 Ma (10) east of the Canal Basin and 10 Ma
and younger west of it (11). To further character-
ize the Panama magmatic arc fingerprint, we
dated a string of incompletely mapped granitic
plutons along the northeastern coast of Panama
and western Colombia (Fig. 1C), obtaining eight
U/Pb magmatic zircon ages ranging between
59 and 42 Ma (217 U/Pb analyses; table S1). The
northern Andes, in contrast, include magmatic
rocks accreted during latest Cretaceous times
(8) to a core of plutonometamorphic rock of
late Precambrian (12–14) and Permo-Triassic age
(14, 15), and plutonic rocks of Jurassic to Creta-
ceous age (16). Middle Eocene magmatism is
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Fig. 1.Tectonic setting of the study area and loca-
tion of samples. See Table 1. Thick lines represent
major boundaries (28). Zero-milligal (0 mgal) contour
(29) highlights the geodynamic continuity of the
Panama arc; there are no structural breaks between
the Uramita suture and the Canal Basin. (A and B)
Detrital zircon ages recovered from (A) lower Miocene
strata in the Canal Basin (6) and (B) Oligocene-Miocene
strata in the Nuevo Mundo Syncline (18) and rivers
draining the Eastern and Central cordilleras (19). (C)
New U/Pb zircon ages for granitoids of the Panama
arc; data point error ellipses are 68.3% confidence
(see table S1).
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absent in the northern Andes (17–19). Therefore,
detrital zircons of Eocene age can be used to
track the detrital contribution of the Panama arc
to sedimentary basins of northwestern South
America.
To track detrital contributions from the Panama

arc, we sampled fluvial strata at the western
flank of the Central Cordillera of Colombia (site
SA in Fig. 1), following a roughly northeastern
trend toward shallow marine strata (sites SMP
and BH1 to BH8) in the LowerMagdalena Basin.
Seven stratigraphic levels of middle Miocene age
and 11 stratigraphic levels of Oligocene to early
Miocene age were sampled in eight boreholes
and two surface stratigraphic sections (Table 1).
We obtained 18 U/Pb detrital zircon ages, as well
as petrographic and heavy mineral analyses of
the sedimentary rock (1654U/Pb analyses; tables
S2 to S5). All detrital zircon samples recovered
from Oligocene and Miocene strata contained
typical north Andean detrital signatures that in-
cluded late Precambrian, Permo-Triassic, and
Late Cretaceous populations. Middle Miocene
strata, however, contained an additional Eocene
magmatic zircon population that was absent in
older strata (Fig. 2).
To establish the age of strata sampled in the

Lower Magdalena Basin, we used published fo-
raminiferal and palynological studies performed
on the same boreholes where we sampled, fur-

ther bracketed by our detrital zircon minimal
ages (Fig. 2). In the western flank of the Central
Cordillera, we relied on mapped cross-cutting
relationships (20) of volcanic and subvolcanic
rocks interbedded with and intruding fluvial,
coal-bearing strata. Available geochronology (21)
and palynological (22) studies along with our de-
trital zircon minimal ages were used to establish
ages of the strata sampled (fig. S3).
Because the geochronological makeup of the

northern Andes is incompletely known, we used
publishedU/Pb detrital zircon data as proxies for
the magmatic age distribution of the eastern
Panama arc and the northern Andes. We used
the Oligocene-Miocene strata of the Canal Basin
as a proxy for the Panama arc (Fig. 1A) (6). For
the northern Andes (Fig. 1B), we used two data
sets as proxies of its geochronological makeup:
Oligocene-Miocene strata of the Nuevo Mundo
Syncline (18) and active-sediment river samples
draining the Eastern and Central Cordilleras (19).
We found that detrital zircons from basins and
rivers in the northern Andes are decidedly older
than those from Panama; the mean for Nuevo
Mundo Syncline and active-sediment river sam-
ples is 304.1Ma, whereas themean for Panama is
49.7Ma (Kolmogorov-Smirnov test,P<0.001,D=
0.98; fig. S2, A and B). Nuevo Mundo Syncline
and active-sediment river samples have an age
range of 51.2 to 2675.4 Ma, with only 16 ages be-

tween 51.2 and 63.1 Ma (mean 56 Ma). Panama
ages range from 17.6 to 65.1 Ma (fig. S2B).
Oligocene to middle Miocene strata sampled

in the northern Andes can be separated into two
age groups according to their detrital zircon pop-
ulations: one containing an Eocene population
and another missing it (Fig. 2). The Oligocene–
early Miocene strata show an age range of 54Ma
to 3103.6 Ma. Only two of 1045 zircons have ages
younger than 65.1 Ma (54 and 64 Ma). In con-
trast, middle Miocene sandy strata in the same
sampling sites (Fig. 2A) show an age range from
13.1 Ma to 3189.9 Ma. A large number of them
(103 of 609) have ages younger than 65.1 Ma,
with a mean age of 36.8 Ma, slightly younger
than the mean age of Panamanian detrital zir-
cons (mean Panama = 49.7 Ma, Kolmogorov-
Smirnov test, P < 0.001, D = 0.53; fig. S2).
The Eocene detrital zircon population docu-

mented in middle Miocene strata of northwest-
ern South America (Fig. 2A) could have only been
derived from the emerged Panama arc, as there
are no igneous bodies of that age in the northern
Andes (18, 19). Themagmatic roots of the Panama
arc had been cooling (5, 6), emerging, and erod-
ing (23) since at least late Eocene times (6);
therefore, they were available as source areas by
middleMiocene times. Both fluvial coal-bearing
strata (20, 24) and shallow marine strata of
middle Miocene age contain the Panama arc
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Table 1. Sample summary. See fig. S1 for stratigraphic location of samples.

Sample/
locality
name

Detrital zircon
sample name

Latitude
(decimal
degrees)

Longitude
(decimal
degrees)

Sample type Age

U/Pb in detrital zircons from boreholes
BH1 SI-5796 9.4699 –75.0015 Cored borehole Middle Miocene

SI-6816 9.4699 –75.0015 Cored borehole Oligocene–early Miocene
BH2 SI-6635 9.3651 –74.4474 Drill cuttings Oligocene–early Miocene
BH3 SI-5900 9.8907 –74.6344 Drill cuttings Middle Miocene
BH4 SI-6878 9.7160 –75.1124 Cored borehole Middle Miocene
BH5 SI-6703 8.6716 –74.5976 Cored borehole Oligocene–early Miocene
BH6 SI-6657 8.1702 –75.4761 Drill cuttings Middle Miocene

SI-6672 8.1702 –75.4761 Drill cuttings Oligocene–early Miocene
BH7 SI-7045 8.5168 –76.1256 Cored borehole Middle Miocene
BH8 SI-6833 8.2680 –76.2033 Drill cuttings Oligocene–early Miocene

U/Pb in detrital zircons from surface stratigraphic sections
SMP SI-6997 8.5488 –75.6922 Hand sample Oligocene–early Miocene
SA 030337-2 6.4513 –75.7403 Hand sample Oligocene–early Miocene

030337-6 6.4513 –75.7403 Hand sample Oligocene–early Miocene
030339 6.5414 –75.7754 Hand sample Oligocene–early Miocene
030357 6.4085 –75.7241 Hand sample Middle Miocene
030359 6.4166 –75.7255 Hand sample Middle Miocene
030362 6.5064 –75.8194 Hand sample Oligocene–early Miocene

U/Pb in magmatic zircons from granitoid surface samples
DV-165 5.7680 –76.2490 Hand sample 43.8 T 0.8 Ma
DV-167 5.7709 –76.2475 Hand sample 42.5 T 1.3 Ma
GA-001 8.5094 –77.3371 Hand sample 49.5 T 0.9 Ma
VM-001 8.4993 –77.3221 Hand sample 49.7 T 1.6 Ma
VM-003 8.4847 –77.3402 Hand sample 49.5 T 1.1 Ma
SI-860 8.8370 –77.6218 Hand sample 59.0 T 1.9 Ma
SI-900 8.6638 –77.4321 Hand sample 58.6 T 1.6 Ma
SI-1092 9.2985 –78.1047 Hand sample 58.3 T 1.0 Ma
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signature (Fig. 2). This signature—in fluvial
strata to the south and in shallow marine strata
to the north—suggests that the Panama arc had

docked and emerged and was shedding detrital
material to north-bound currents parallel to the
Uramita Suture, similar to today’s Cauca River

(Fig. 1), and to northeast-bound coastal currents
(Fig. 3).
Our results imply that by middle Miocene

times (13 to 15 Ma), rivers originating in the
Panama arc were transporting sediment to the
shallow marine basins of northern South Amer-
ica. This implies that (i) at least a segment of the
Panama arc, including an emerged (6) Mande
batholith and San Blas Range (Figs. 1 and 3), had
already docked and (ii) the Central American
Seaway was closed. Continued Caribbean-Pacific
water exchange may have taken place along nar-
row, shallow, and transient channels that frag-
mented (5) the Isthmus west of the Canal Basin
(4) (Fig. 3). These results support recent paleo-
ceanographic studies (25, 26) that showadecrease
in the transport of deep and intermediate Pacific
waters into the Caribbean by 10 to 11 Ma, prob-
ably related to a closingCentral American Seaway.
Recorded changes in Caribbean water salinity at
~4.2 Ma (1), and a delay of nearly 10 Ma in the
Great American Biotic Interchange (2) after the
first detrital loads crossed the Isthmus, could be
unrelated to seaway closure and instead may be
linked to Plio-Pleistocene global climatic tran-
sitions (3, 27).
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Fig. 2. Detrital U/Pb zircon
populations for all the samples
recovered. (A) Middle Miocene
strata; (B) Lower Miocene and
Oligocene strata of the northern
Andes. Data are binned in
sections of 10 million years
(see tables S2 and S3).
The youngest detrital zircon
is labeled on top of the leftmost
bin. See Table 1 and Fig. 1 for
sample location.

Fig. 3. Paleogeographic recon-
struction (28) of the Panama arc
and northwestern South America
during middle Miocene times (13
to 15 Ma).The first detrital loads
from Panama arrived in one of two,
or both, paths to the basins of
northwestern South America: (i)
along coastal currents transporting
detritus product of the erosion of
exposed plutonic rocks along the
northern coast of the Panama arc
and/or (ii) along fluvial channels
draining emerging ranges parallel
to the length of the Isthmus. The
El Valle volcano, an edifice rising
from sea level starting before 10 Ma
(11), would only allow shallow and
transient seaways between 15 and
10 Ma, as the Canal basin was
connected to North America by a
land bridge from Oligocene until
middle Miocene times (30).
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Ocean acidification and the
Permo-Triassic mass extinction
M. O. Clarkson,1*† S. A. Kasemann,2 R. A. Wood,1 T. M. Lenton,3 S. J. Daines,3

S. Richoz,4 F. Ohnemueller,2 A. Meixner,2 S. W. Poulton,5 E. T. Tipper6

Ocean acidification triggered by Siberian Trap volcanism was a possible kill mechanism
for the Permo-Triassic Boundary mass extinction, but direct evidence for an acidification
event is lacking. We present a high-resolution seawater pH record across this interval,
using boron isotope data combined with a quantitative modeling approach. In the latest
Permian, increased ocean alkalinity primed the Earth system with a low level of
atmospheric CO2 and a high ocean buffering capacity. The first phase of extinction
was coincident with a slow injection of carbon into the atmosphere, and ocean
pH remained stable. During the second extinction pulse, however, a rapid and large
injection of carbon caused an abrupt acidification event that drove the preferential loss
of heavily calcified marine biota.

T
he Permo-Triassic Boundary (PTB) mass
extinction, at ~252 million years ago (Ma),
represents the most catastrophic loss of
biodiversity in geological history and played
a major role in dictating the subsequent

evolution of modern ecosystems (1). The PTB ex-
tinction event spanned ~60,000 years (2) and
can be resolved into two distinct marine extinc-
tion pulses (3). The first occurred in the latest
Permian [Extinction Pulse 1 (EP1)] and was fol-
lowed by an interval of temporary recovery be-
fore the second pulse (EP2), which occurred in
the earliest Triassic. The direct cause of the mass
extinction is widely debated, with a diverse range
of overlapping mechanisms proposed, including
widespread water column anoxia (4), euxinia (5),
global warming (6), and ocean acidification (7).
Models of PTB ocean acidification suggest that

a massive and rapid release of CO2 from Siberian
Trap volcanism acidified the ocean (7). Indirect
evidence for acidification comes from the inter-
pretation of faunal turnover records (3, 8), poten-
tial dissolution surfaces (9), and Ca isotope data

(7). A rapid input of carbon is also potentially
recorded in the negative carbon isotope excur-
sion (CIE) that characterizes the PTB interval
(10, 11). The interpretation of these records is,
however, debated (12–16) and is of great impor-
tance to understanding the current threat of
anthropogenically driven ocean acidification (11).
To test the ocean acidification hypothesis, we

have constructed a proxy record of ocean pH
across the PTB using the boron isotope compo-
sition of marine carbonates (d11B) (17). We then
used a carbon cycle model (supplementary text)
to explore ocean carbonate chemistry and pH
scenarios that are consistent with our d11B data
and published records of carbon cycle distur-
bance and environmental conditions. Through
this combinedgeochemical, geological, andmodel-
ing approach, we are able to produce an envelope
that encompasses the most realistic range in pH,
which then allows us to resolve three distinct
chronological phases of carbon cycle perturba-
tion, eachwith very different environmental con-
sequences for the Late Permian–Early Triassic
Earth system.
We analyzed boron and carbon isotope data

from two complementary transects in a shallow
marine, open-water carbonate succession from the
United Arab Emirates (U.A.E.), where deposi-
tional facies and stable carbon isotope ratio
(d13C) are well constrained (18). During the
PTB interval, the U.A.E. formed an expansive
carbonate platform that remained connected
to the central Neo-Tethyan Ocean (Fig. 1A) (18).
Conodont stratigraphy and the distinct d13C curve
are used to constrain the age model (17).

The PTB in the Tethys is characterized by two
negative d13C excursions interrupted by a short-
term positive event (10). There is no consensus as
to the cause of this “rebound” event and so we
instead focus on the broader d13C trend. Our d13C
transect (Fig. 1B) starts in the Changhsingian
(Late Permian) with a gradual decreasing trend,
interrupted by the first negative shift in d13C at
EP1 (at 53 m, ~251.96 Ma) (Figs. 1B and 2). This is
followed by the minor positive rebound event (at
54 m, ~251.95 Ma) (Figs. 1B and 2) before the
minima of the second phase of the negative CIE
(58 to 60 m, ~251.92 Ma) (Figs. 1B and 2) that
marks the PTB itself. After the CIE minimum,
d13C gradually increases to ~1.8 per mil (‰) and
remains relatively stable during the earliest
Triassic and across EP2.
Our boron isotope record shows a different

pattern to the carbon isotope excursion. The
boron isotope ratio (d11B) is persistently low
(Fig. 1C) at the start of our record during the
late-Changhsingian, with an average of 10.9 T
0.9‰ (1s). This is in agreement with d11B values
(average of 10.6 T 0.6‰, 1s) reported for early-
Permian brachiopods (19). Further up the section
(at ~40m, ~252.04Ma) (Fig. 1C), there is a stepped
increase in d11B to 15.3 T 0.8‰ (propagated
uncertainty, 2sf) and by implication an increase
in ocean pH of ~0.4 to 0.5 (Fig. 2). d11B values
then remain relatively stable, scattering around
14.7 T 1.0‰ (1s) and implying variations within
0.1 to 0.2 pH, into the Early Griesbachian (Early
Triassic) and hence across EP1 and the period of
carbon cycle disturbance (Figs. 1 and 2).
After the d13C increase and stabilization (at

~85 m, ~251.88 Ma) (Fig. 1), d11B begins to de-
crease rapidly to 8.2 T 1.2‰ (2sf), implying a
sharp drop in pH of ~0.6 to 0.7. The d11B min-
imum is coincident with the interval identified
as EP2. This ocean acidification event is short-
lived (~10,000 years), and d11B values quickly re-
cover toward the more alkaline values evident
during EP1 (average of ~14‰).
The initial rise in ocean pH of ~0.4 to 0.5 units

during the Late Permian (Fig. 2) suggests a large
increase in carbonate alkalinity (20). We are able
to simulate the observed rise in d11B and pH
through different model combinations of in-
creasing silicate weathering, increased pyrite dep-
osition (21), an increase in carbonate weathering,
and a decrease in shallow marine carbonate dep-
ositional area (supplementary text). Both sili-
cate weathering and pyrite deposition result in a
large drop in partial pressure of CO2 (PCO2) (and
temperature) for a given increase in pH and
saturation state (W). There is no evidence for a
large drop in PCO2, and independent proxy data
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