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Angkor (Cambodia) was the seat of the Khmer Empire from the 9th
to 15th century AD. The site is noted for its monumental architec-
ture and complex hydro-engineering systems, comprised of canals,
moats, embankments, and large reservoirs, known as barays. We
infer a 1,000-y, 14C-dated paleoenvironmental record from study of
an approximately 2-m sediment core taken in the largest Khmer
reservoir, the West Baray. The baray was utilized and managed
from the time of construction in the early 11th century, through
the 13th century. During that time, the West Baray received rela-
tively high rates of detrital input. In the 14th century, linear sedi-
mentation rates diminished by an order of magnitude, yielding
a condensed section that correlates temporally with episodes of
regional monsoon failure during the late 14th and early 15th
century, recorded in tree ring records from Vietnam. Our results
demonstrate that changes in the water management system were
associated with the decline of the Angkorian kingdom during that
period. By the 17th century, the West Baray again functioned as a
limnetic system. Ecologic and sedimentologic changes over the last
millennium, detected in the baray deposits, are attributed to shifts
in regional-scale Khmer water management, evolving land use
practices in the catchment, and regional climate change.
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Angkor was established as the capital of the Khmer Empire in
the ninth century and became the most extensive preindus-

trial urban complex in the world (Fig. 1) (1, 2). Although best
known for its monumental architecture, particularly the Angkor
Wat temple, one of Angkor’s most impressive features is its
elaborate water management system. A network of reservoirs,
channels, moats, and embankments extended over approximately
1;000 km2. The city’s location in lowland Southeast Asia (Cam-
bodia) meant the Khmer had to contend with seasonal monsoon
rainfall. The complex water management network enabled the
Khmer to collect, store, and release water as needed (2–5). Bar-
ays, in particular, were used to store excess water delivered during
the summer monsoon. This water could later be distributed to
paddy fields between the main temple area around Angkor Wat
and Tonle Sap Lake, in the event of a water shortage caused by
insufficient rainfall (2). Some scholars have argued that the water
management system was purely symbolic (6, 7), but it was prob-
ably used for a combination of flood control, irrigation, and ritual
purposes (1, 2, 8–10). The water management network was likely
a multipurpose architectonic feature serving different functions
at different times (3).

The decline of the Khmer Empire in the 14th to 15th centuries
has been attributed to several factors, including war, conversion
to Theravada Buddhism, changing regional trade patterns, over-
population, and environmental stress (11). Recent evidence
suggests that the water management system may have been insuf-
ficient to cope with changing hydrological conditions (1, 3, 5, 12).
Alterations, breaches, and failures within the network have been
documented and hint at deterioration of the hydraulic infrastruc-

ture (1, 2, 12, 13). Tree ring records from Vietnam indicate
extended periods of severe drought punctuated by unusually rainy
intervals during the late 14th and early 15th centuries (12)
(Fig. 2B). Such intense variability in multidecadal precipitation
may have overwhelmed the capabilities of the water management
network. Intense droughts occurred during the transition from
the relatively wet Medieval Climate Anomaly (MCA) to the drier
Little Ice Age (LIA) and were associated with a southward shift
of the Intertropical Convergence Zone (ITCZ) as well as inten-
sified El-Niño-like warming of the tropical Pacific Ocean (12, 14).
Monsoon intensity in Southeast Asia, including megadroughts,
has been linked to tropical Pacific sea surface temperatures
(SSTs) throughout the last millennium (15). Failure of the hy-
draulic network during a period of extreme rainfall variation may
have been a factor in the decline of Angkor.

The West Baray (8 × 2 km) is the largest of the four baray
constructed at Angkor, and the only one that holds water today
(Fig. 1). The baray floor inclines gently from the northeast to
the southwest with an elevation difference of approximately 8 m
between the northeast and southwest corners (16) (Fig. S1). If
filled to its current maximum capacity, the baray would hold
53 millionm3 of water (16). It is generally assumed the baray was
built in the first half of the 11th century, though the precise date
is unknown (11). The barays were constructed by building em-
bankments around the intended perimeter using earth acquired
by digging trenches inside the perimeter of the baray (5). The
primary (65%) source of water and sediment to the West Baray
is the Siem Reap River; the remaining 35% of the hydrologic
input derives from direct precipitation (16, 17). The Siem Reap
River, one of three river catchments in the greater Angkor area
today, drains an area that includes the Kulen Hills. This, however,
was not always the case. In pre-Angkorian times, only the Puok
River and Roluos River catchments existed (5). The Puok River
originally emerged from the Kulen Hills but was cut off when the
third catchment was formed with the construction of the Siem
Reap Channel in the 10th century (prior to the creation of the
West Baray) (5, 13). The West Baray received water from rainfall
and feeder channels that diverted water from the rivers into
central Angkor (2–5). A series of canals channelled water to the
northeast corner of the baray, where a 25-m wide channel carried
water and sediment into the reservoir (4). A grid of channels off
the southwest corner of the West Baray, along with two other
channels, directed water toward Tonle Sap Lake. One canal
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flowed southwest on a direct route to the lake and the other flo-
wed southeast. The various channels were likely used to disperse
water from the reservoir to the paddy fields south of the West
Baray and the main temple area. Sediments that accumulated in
the West Baray since its construction record variations in natural
hydrologic conditions and Khmer water management practices.

Here we report elemental and isotopic data from an approxi-
mately 2-m core taken in the deep, southwest corner of the baray
(Fig. 1C) and infer local paleoenvironmental changes in response
to both natural and anthropogenic forcing. Changes in sediment
geochemistry and the rate of sediment accumulation were used
to infer the sources and amounts of sediment delivered to the
baray, which changed in response to climate variations and
Khmer water management strategies. C and N isotopes and
elemental ratios (C, N, P) were used to reconstruct changes in
the ecology of the baray. Our sedimentologic and geochemical
approach elucidates how changes in water and sediment input
to the West Baray varied through time and illustrates how the
ecology of the system responded to these shifts.

Results
Seven radiocarbon dates constrain the chronology of core WB1-
20-XII-03 MWI-1 (Table 1, Fig. 2A). A pair of wood and bulk
sediment samples was used to evaluate the reliability of bulk
sediment dates, as terrestrial plant macrofossils were scarce in
the core. Bulk sediment and wood dates from 0.91 to 0.93 m be-
low lake floor (mblf) differed by only 90 14C y (Table 1) suggest-
ing that bulk sediment in the core yields reliable radiocarbon ages
(the SI Text provides additional discussion of radiocarbon chron-
ology). The linear sedimentation rate was 1.2 mm∕y for the first
three centuries after initial baray construction. In the 13th cen-
tury, linear sedimentation and mass accumulation rates increased
sharply, to 6.2 mm∕y and 0.88 g∕cm2 y, respectively (Fig. 2A,
Table 2). The sediment record from about AD 1310 to 1590 is
condensed and represents a time period when average sedimen-
tation rate was very low (0.4 mm∕y). This approximately 280-y
period includes the end of the Angkorian period and a time of
enhanced climate variability previously documented by tree ring
records (12).

Sediment density peaks near the bottom of the core (approxi-
mately 1.9 g∕cm3 below 1.87 mblf, or prior to the mid-10th cen-
tury) (Fig. S2), indicating the core penetrated to the basal surface
of the baray and that the profile contains the entire deposition
sequence in this region of the baray. The radiocarbon date of
487 AD below the density peak near the bottom of the core
(Fig. S2) confirms this material was deposited centuries before
baray construction, and thus the lowermost approximately 4 cm
are not considered in our discussion. Sediments become less
dense during the 14th and 15th century drought period (approxi-
mately 1.0 to 0.8 mblf) and then again from the 18th century
(approximately 0.65 mblf) (Fig. 2C). Sediment color and density

Fig. 1. (A) Map of Cambodia. Location of Angkor is indicated by a triangle.
The box outlines the location of the satellite image. (B) False-color satellite
image of the greater Angkor area and the north shore of Tonle Sap Lake.
Angkor Wat is indicated by the triangle. The dashed line marks the location
of feature CP 807. (C) Close up of the West Baray. The circle indicates
the location of cores WB1-20-XII-03 MWI-1 and MWI-2, and the location
of the West Mebon is indicated. Satellite image obtained by ASTER on
17 February 2004 and accessed from NASA Visible Earth.

Table 1. Radiocarbon dates from core WB1-20-XII-03

Accession number Depth (mblf) Material 14C y BP ± Calibrated age(2 sigma) Probability distribution

SUERC-29786 0.23–0.24 bulk sediment modern
CAMS-121348 0.91–0.93 wood 280 35 1491–1602 0.592

1613–1667 0.374
1783–1796 0.034

CAMS-144283 0.92–0.93 bulk sediment 370 30 1447–1527 0.576
1553–1633 0.424

SUERC-29787 1.03–1.04 bulk sediment 700 37 1253–1320 0.743
1350–1391 0.257

SUERC-29790 1.55–1.56 bulk sediment 804 35 1173–1275 1.000
CAMS-149367 1.86–1.87 bulk sediment 1080 30 894–928 0.278

934–1017 0.722
SUERC-29791 1.91–1.92 bulk sediment 1576 37 410–564 1.000

Ages were calibrated using Calib, html version 6.0 (24). BP, before present.

Day et al. PNAS ∣ January 24, 2012 ∣ vol. 109 ∣ no. 4 ∣ 1047

G
EO

LO
G
Y

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1111282109/-/DCSupplemental/pnas.1111282109_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1111282109/-/DCSupplemental/pnas.1111282109_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1111282109/-/DCSupplemental/pnas.1111282109_SI.pdf?targetid=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1111282109/-/DCSupplemental/pnas.1111282109_SI.pdf?targetid=SF2


vary according to organic C content (Fig. S2). Carbonate was
undetectable in theWest Baray sediments, thus weight %C repre-
sents organic C (Fig. 2D). Sediment color and organic C content

change abruptly in the early 14th century (approximately 1.03
mblf). In general, sediments deposited during the 10th to 14th
centuries (below approximately 1.03 mblf) are light in color and
low in organic C, whereas sediments dating from the 15th to 20th
centuries (above approximately 1.03 mblf) are darker and higher
in organic C content. Superimposed on this general trend are
three horizons of darker, higher organic content sediments that
were deposited during the early to middle 13th century (approxi-
mately 1.60 to 1.50 mblf), between approximately 1320 and
1625 AD (approximately 1.03 to 0.85 mblf), and the mid- to late
18th century (approximately 0.6 to 0.5 mblf) (Fig. 2D). Each
of these horizons corresponds to drought episodes recorded in
the Vietnam tree ring record and other regional paleohydrology
records (12, 15) (Fig. 2B). C/N atom ratios, which are generally
higher from the 17th century on, peak during all three drought
periods (Fig. 2E). The weight % sand fraction (>63 μm by
weight) is less than 1% for most of the profile, indicating the fine
sediment grain size. During the period of the Angkor droughts,
in the 14th and 15th centuries, weight % sand fraction increases
to a maximum value of 6.5% in the early 15th century when
Angkor collapsed (Fig. 2F). The first factor extracted from factor
analysis of Al-normalized scanning X-ray fluorescence (XRF)
elemental data indicates a geochemical response during the first
two drought episodes, marked by elevated Zr/Al, Ti/Al, Sr/Al,
and Rb/Al (Fig. 2G).

Factor 2 indicates that K/Al, Rb/Al, and Fe/Al values all in-
crease in the upper portion of the core (1500 AD to the end of
the scanning XRF record, approximately 1700 AD), whereas Si/
Al values decrease (Fig. 2H). Sr isotope ratios (87Sr∕86Sr) show a
similar pattern, becoming more radiogenic, i.e., greater, after
1500 AD (Fig. 2I, Table S1). Prior to the mid-14th century,
87Sr∕86Sr values range from 0.71552 to 0.71616, whereas values
from the 16th century onward increase from 0.71672 to 0.71866.
Sr isotopes were also measured in surface and river sediments
collected from the Puok, Siem Reap, and Roluos River basins.
The Puok and Roluos Rivers have significantly less radiogenic
87Sr∕86Sr values than those of the Siem Reap River or the West
Baray (Fig. S3). Carbon and nitrogen stable isotope values be-
come more negative from the 14th century on (Fig. 3 A and B),
whereas total phosphorus (TP) concentrations increase from a
mean value of 0.23 mgP∕g in the 11th to 13th centuries to
0.40 mgP∕g since the 16th century (Fig. 3C).

Discussion
Sedimentation in the West Baray. We, and others (17–19) have ob-
served that total sediment accumulation in the West and East
Barays is generally low (<0.5 m). For example, Penny et al (17)
estimate approximately 43 cm of sediment accumulated in the
central part of the East Baray (18), whereas Pottier (19) notes
that West Baray sediments are no more than 30 cm thick at Koh
Ta Meas (1.3 km west of the West Mebon). It would thus appear
that, in comparison, the nearly 2-m long core recovered in the
southwest part of the West Baray is quite thick. Typical sediment
accumulation patterns in reservoirs, however, are consistent with
the observed pattern of sediment deposition in the West Baray,
and our core was recovered from the region of the baray in which
the thickest sediment deposits are expected (see SI Text for
discussion of reservoir sedimentation patterns).

Table 2. Linear sedimentation rates and mass accumulation rates
for core WB1-20-XII-03 MWI-1

Depth (mblf) Years (AD)
Linear sedimentation

rate (mm/y)
Mass accumulation

rate (g∕cm2 y)

0.235–0.92 1590–1950 1.9 0.23
0.92–1.035 1308–1590 0.4 0.05
1.035–1.555 1224–1308 6.2 0.88
1.555–1.865 958–1224 1.2 0.19

Fig. 2. Summary diagram comparing geochemical and physical variables in
Core WB1-20-XII-03 MWI-1 with Palmer Drought Severity Index (PDSI) recon-
struction from the Vietnam tree ring record (B) (12). Interval mean linear se-
dimentation rates (mm yr−1) (based on calibrated 14C ages) are noted on the
age-depth plot (A). Squares represent weighted mean of calibrated bulk se-
diment dates and the circle signifies the weighted mean of a calibrated wood
date. Error bars indicate full range of possible calendar year solutions for
each radiocarbon date. The shaded boxes highlight the different time per-
iods for which linear sedimentation and mass accumulation rates were cal-
culated. Light gray shading in panels B–I indicate the Angkor Droughts
(1345–1365, 1401–1425) as defined by Buckley et al. (12), and darker gray
shading indicates other drought episodes, including the 13th century
drought (12) and the Strange Parallels (1756–1768) and East India (1792–
1796) droughts, as defined by Cook et al. (15). Data points acquired within
the condensed section of the core (indicated in top panel) are shown as in-
dividual points. wt% C and C/N for the last approximately 300 y of the record
were measured on core WB1-20-XII-03 MWI-2 (D, E). For scanning XRF factor
analysis, element ratios represented are listed from strongest to weakest
loading, with parentheses denoting a negative loading. The percent total
variance explained by each factor is indicated (G, H). The approximate ranges
of the MCA and LIA are marked by gray bars.
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There is evidence for rapid infill of channels at several loca-
tions throughout Angkor, indicating widespread siltation of the
water management system during the 13th and 14th centuries
just prior to the Angkor Droughts (1, 3, 11, 12). Channel infill is
concurrent with a considerable increase in linear sedimentation
and mass accumulation rates in the West Baray, which may sug-
gest enhanced sediment delivery to the barays at that time as well
(Fig. 2A, Table 2). Overall, sediment delivery to the West Baray
was greatest during Angkorian times, particularly in the 13th cen-
tury, and declined during the post-Angkorian period. Reduced
sediment delivery may have been a consequence of drier climate
during the LIA or anthropogenic factors, such as cessation of
water management, less intense land use, and greater soil stabi-
lization associated with abandonment of the urban area. Higher
organic C content in the post-Angkorian portion of the core is
consistent with the interpretation of reduced detrital sediment
transport to the West Baray.

In addition to diminished sediment delivery, the shift to more
radiogenic Sr isotope values in the post-Angkorian period may
suggest a change in sediment source (Fig. 2I). The 87Sr∕86Sr in-
crease, however, probably does not reflect a new geographic
source of sediments to the baray. Instead, the shift in the Sr iso-
tope ratio in the West Baray core probably indicates delivery
of less chemically altered sediments in post-Angkorian times
(Fig. S3 and SI Text). Reduced weathering could have been the
result of less intense land use and greater soil stabilization. Alter-
natively, wetter conditions during the MCA could have contrib-
uted to enhanced weathering during the Angkorian period,
followed by less intense weathering during the drier LIA. Overall,
the baray sediments suggest a decrease in both erosion and
chemical weathering in the watershed postcollapse.

Response to Drought. The West Baray sediment record displays
changes in response to three known drought intervals: the early
13th century, the 14th and 15th century Angkor Droughts, and
the middle to late 18th century, including the Strange Parallels
and East India Droughts (12, 15). During these three periods,
both organic C content and C/N ratios increase (Fig. 2 D and E).
West Baray sediments deposited during drought episodes are
likely richer in organic matter because of reduced input of
detrital sediment and water to the baray. Sediment composition,
color, and density are controlled by the relative contribution of
authochthonous (limnetic) and allochthonous (detrital) sedi-
ments (Fig. S2). Unfortunately, the radiocarbon chronology of
the core does not provide the resolution needed to determine
whether sedimentation rate decreased during each of the three
drought intervals. The linear sedimentation and mass accumula-
tion rates for the relatively organic-rich horizon during and after
the Angkor Droughts, however, is much lower than rates during
the remainder of the record, suggesting a large reduction in sedi-
ment delivery to the baray at that time (Fig. 2A). Increased C/N
ratios may signal the proliferation of aquatic macrophytes, an
expected response to lower water levels and habitat expansion.
Floating vegetation was present in the West Mebon basin starting
in the 14th century, demonstrating that aquatic macrophytes
existed within the baray at that time (17). Although C/N values
increase, they do not reach levels indicative of a macrophyte-
dominated system (>15). This suggests that at least the deep,
southwest corner of the West Baray sustained phytoplankton pro-
duction throughout the history of the baray. Factor 1 reveals high-
er abundance of Zr, Ti, Sr, and Rb during at least the first two
drought intervals. The scanning XRF data terminate in the 17th
century due to poor sediment consolidation and postretrieval dis-
turbance of more recent deposits (Fig. 2 G and H). Sediments
became more coarse grained in the southwest part of the baray
during the low stands associated with the period of the Angkor
Droughts (Fig. 2 F and G). This is likely due to decreased input
of fines and lowered water levels in the baray that increased tur-
bulence and bottom resuspension. Sediment coarsening is consis-
tent with processes observed in reservoirs during periods of
drawdown (20, 21).

Ecological Evolution of the Baray.Higher C/N values after approxi-
mately 1300 AD may reflect proliferation of aquatic macrophytes
after the collapse of Angkor. Elevated water levels during early,
wetter times may have precluded the spread of higher plants into
deep-water areas of the baray, where submersed and rooted
species would have been light limited, and where depths may have
been too great for floating-leaved taxa. The drier climate of the
LIAmay have lowered water levels in the baray and expanded the
habitat available to aquatic macrophytes. Additionally, macro-
phytes may have been manually removed from the baray during
the Angkorian period. Evidence for cessation of vegetation
clearance is observed in the West Mebon, where floating vegeta-
tion has persisted since the 14th century (17). Biogenic silica

Fig. 3. Carbon (A) and nitrogen (B) stable isotopes, total P (C), and biogenic
silica (D) from core WB1-20-XII-03 MWI-1, and Palmer Drought Severity Index
(PDSI) record (E) from Buckley et al. (12). Drought periods are indicated by
shading. LIA and MCA are indicated by gray bars.
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measurements indicate a greater abundance of diatoms from
the 16th century onward, whereas sponge spicule abundance de-
creased (Fig. 3D). This finding is confirmed by microscopic ana-
lysis of sediments using smear slides (Fig. S4). The increased
abundance of diatoms postcollapse is partly attributed to the ap-
pearance of several pennate species (Fig. S4). Many pennate dia-
toms occupy benthic habitats, suggesting an expansion of such
habitats postcollapse. Benthic algae tend to thrive when sediment
suspension is infrequent, implying relatively lower turbidity in the
post-Angkorian West Baray. An inference for more turbid con-
ditions in the West Baray during the Angkorian period is consis-
tent with evidence for relatively high sediment and water delivery
to the reservoir at that time. Turbidity may have decreased post-
collapse as a consequence of reduced sediment transport to the
baray or because the expanded macrophyte community trapped
incoming sediments and suppressed sediment resuspension in the
southwestern part of the baray. Extensive benthic algae growth
may be the cause of higher TP values from the 17th century.
Benthic algae can promote oxygenation of the sediment-water
interface, which in turn enhances iron-mediated sequestration
of P in sediments (22).

The shift to more negative δ13C and δ15N values (Fig. 3 A,
and B) postcollapse can be attributed to the change in vegetation
within the baray that resulted from lower water levels and cessa-
tion of water management. It is also possible the West Baray has
become N-limited since the 18th century, as δ15N values approach
0‰, implying a strong contribution of N-fixing cyanobacteria
to sediment organic matter (Fig. 3B). Benthic algae growth can
inhibit the release of N from the sediments to the water column,
which may amplify N limitation in the water column (22). Some
aquatic higher plants, however, can have δ15N values close to
0‰ (23), but the C/N values (<15) of the baray deposits imply
that higher plants were not the primary contributor to sediment
organic matter.

Comparison to the West Mebon. The West Mebon is a temple lo-
cated on an artificial island in the center of the West Baray
(Fig. 1C). Penny et al. (17) recovered a sediment core from a
basin enclosed by the temple. Our core has two advantages over
the West Mebon record (17) in providing paleoenvironment
information about the baray. First, although the West Mebon
basin is certainly influenced by the West Baray, it is, as discussed
by Penny et al (17), buffered from conditions within the baray
and thus would not necessarily record all the fluctuations that
may have occurred in the baray itself. Second, the West Mebon
core (17) only contains 27.5 cm of material and begins in the 12th
century. Our core spans the entire limnetic history of the baray
over nearly 190 cm of sediment. These differences in location and
resolution are likely the reason for some of the apparent discre-
pancies between the two records. For example, the West Mebon
record (17) indicates a considerable drop in water levels in the
baray at the end of the 12th century, likely related to the construc-
tion of features such as the Jayatataka baray and the Angkor
Thom moat (4) and CP807 (24) (Fig. 1B). In contrast, we do not
observe any significant variations in conditions in the West Baray
until the 13th century when sedimentation rates increase and
several parameters respond to a period of drought (Fig. 2 A–G).
Furthermore, in the West Mebon basin, the water depth appears
to have risen again in the 14th century. It seems unlikely that
water levels in the southwest part of the baray rose during the
14th century given that the increase in % sand fraction during
the Angkor Droughts period implies lower water levels (Fig. 2F).

Conclusions
This sediment record from the West Baray provides a unique
perspective on environmental change at Angkor. Sr isotopes,
sedimentation rates, sediment density, composition, and color
(reflecting organic matter content), all illustrate that the baray

received greater sediment and water input prior to the 14th
and 15th century megadroughts and contemporaneous collapse
of Angkor. A condensed section with increased sand fraction
indicates decreased sediment input and lower water levels in the
baray during the Angkor Droughts in the 14th and 15th centuries.
Since the 16th century, the baray records a decrease in both
physical and chemical weathering within the drainage basin. The
ecology of the baray has also changed in post-Angkorian times, as
there has been a proliferation of benthic taxa related to reduced
water-column turbidity and increased macrophyte growth.
Changes in sedimentation and ecology were brought about by
complex interactions between natural (climate) and anthropo-
genic (water management and land use) factors. Our data are
unable to distinguish between climatic and anthropogenic for-
cings, but it is likely these two factors often acted in tandem,
as environmental changes would lead to human action regarding
the water management network. Nonetheless, the Khmer water
management system is a vivid example of a sophisticated human
technology that failed in the face of extreme (threshold) environ-
mental conditions.

Methods
Two cores were collected with a piston corer from the southwest corner of
the West Baray (13° 25′ 38′′ N, 103° 45′ 58′′ E) in 6.2 m of water on December
20, 2003. The first, 1.92-m long core WB1-20-XII-03 MWI-1, was obtained
using a double 5.7-cm (o.d.) clear polycarbonate tube and transported, intact,
to the laboratory. The second, 87-cm long core WB1-20-XII-03 MWI-2, was
sampled at 1-cm intervals in the field prior to being transported to the
laboratory. All analyses were performed on core WB1-20-XII-03 MWI-1 unless
otherwise noted. Sediment density of the first core was measured at 0.5-cm
intervals using a GEOTEK Multisensor Core Logger. The core was split length-
wise and imaged using a GEOTEK digital color line-scan camera.

The split core from 0.70 to 1.91 mblf was analyzed with an Avaatech XRF
core scanner at 1-cm resolution to provide close-interval elemental data.
Measurements of elements Al to Ba were made using a slit size of 1 × 1 cm
and generator settings of 10, 30, and 50 kV over 30 s of counting time. The
upper 0.70 m of the archive half of the core were poorly consolidated and
disturbed and could not be analyzed (the working half of the core was not
affected). Elements were normalized to Al. Normalization to a conservative
element such as Al removes inconsistencies in elemental data resulting from
changes in sedimentation rates, grain size, and organic matter content (25).
The XRF dataset was reduced by factor analysis using Predictive Analytics
SoftWare Statistics 18.0. Three factors that explain 82.6% of the variance
in the data were extracted using principal components analysis with Varimax
rotation.

Sr was separated using cation exchange resin and Sr isotope ratios were
measured on a VG Sector 54 TIMS using a triple collector dynamic algorithm,
normalized to 87Sr∕86Sr 0.1194, with an exponential fractionation correction
(26). The 90 analyses of National Bureau of Standards reference material 987
during the 2-y period of these analyses gave a mean value of
0.710266� 0.000008 (1 sigma). The Sr blanks were negligible in comparison
to the Sr content of the samples.

Weight percent C and N of bulk sediment from core WB1-20-XII-03 MWI-2
were measured on a Carlo Erba NA1500 CNS Elemental Analyzer. C/N ratios
are expressed as atomic ratios. Stable C and N isotopes were measured on a
Costech Elemental Analyser attached to a Thermo Delta Vmass spectrometer.
Analytical precision for δ13C was better than �0.10‰, and for δ15N better
than �0.15‰. Samples analyzed for total P were digested in 5.0% H2SO4

and 5.0% K2SO8 in an autoclave and measured using a Bran–Luebbe Auto-
analyzer (27). Biogenic Si (diatoms and sponge) was determined using
time-course leaching (28). Weight percent coarse fraction (>63 μm) was
determined by wet sieving and weighing the dried >63 μm fraction.

Radiocarbon dates were obtained on chemically pretreated wood and
decarbonated bulk sediment samples at the Center for Accelerator Mass
Spectrometry (CAMS) at Lawrence Livermore National Laboratories and the
Natural Environment Research Council (NERC) Radiocarbon Facility (Environ-
ment) and Scottish Universities Environmental Research Centre (SUERC) Ac-
celerator Mass Spectrometry Laboratory. Bulk sediment samples processed at
CAMS were decarbonated using 1 N·HCl with vortexing to prevent clumping,
spun down, decanted, and rinsed three times with Milli-Q water. The sedi-
ment was then dried overnight on a heating block and converted to carbon
dioxide (CO2) in individual quartz tubes using copper oxide (CuO) as an
oxygen source. Wood samples received a modified “deVries” chemical
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pretreatment and an acid–base–acid treatment at 90 °C, followed by copious
rinsing with Milli-Q water. Bulk sediment samples processed at the NERC
Radiocarbon Facility (Environment) were digested in 2 M HCl at 80 °C for
8 h, then washed with deionized water and dried and homogenized. Samples
were converted to CO2 by heating with CuO in sealed quartz tubes and the
gas was converted to graphite by Fe/Zn reduction. Dates were calibrated to
calendar years before present using Calib html version 6.0 (29) that uses the
IntCal09 radiocarbon calibration curve (30).
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