
pore 2 (Fig. 1) (18). As expected from spe-
cific guanidinium-phosphate interactions
(19), KD

min � 2 �M determined for ATP
demonstrated increased sensitivity (by a fac-
tor of �1000) of apyrase sensor 2 compared
to 1 � Mg2�

n (17, 18).
The most important adaptability of pore 2 to

sense various enzymes was exemplified with
real-time detection of selected classes of en-
zymes for which noninvasive assays compati-
ble with high-throughput substrate screening
for the development of enzymatic carbohydrate
and oligosaccharide synthesis (10–12) are need-
ed. As with apyrase, rabbit muscle aldolase
(RAMA) (10) and calf intestine alkaline phos-
phatase (CIAP) (11) converted strong channel
blockers into poor ones (Table 1, entries 5 to 7).
Enzyme-catalyzed substrate consumption was
thus reported by the decreasing ability of the
reaction mixture to hinder CF efflux through 2
with increasing reaction time, i.e., “enzyme-
gated” pore formation (Fig. 3, A to C). Bovine
milk galactosyltransferase (11, 12), in contrast,
produced uridine diphosphate (UDP) with KD-
min � 1.2 mM from two poor blockers (Table
1, entry 8). This enzyme was therefore detect-
able by decreasing activity of pore 2 with in-
creasing reaction time (Fig. 3D). Use of CIAP
to eliminate UDP blockage (Fig. 3D, arrow)
corroborated the proposed mechanism and
demonstrated the possibility to detect two en-
zymes simultaneously or, from a different point
of view, to turn synthetic multifunctional pores
“off ” and “on” using enzymes only.

Taken together, these results demonstrate
practical usefulness of synthetic supramo-
lecular pores for fluorometric detection of
enzyme activity, a topic of current scientific
interest (13). The most important character-
istic of our assay is adaptability of the same
supramolecular sensor to a broad variety of
substrates and enzymes. There is no need to
prepare new, substrate- or product-specific
antibodies [as for catalytic assays using en-
zyme-linked immunosorbent assay (cat-
ELISA) and related assays] or synthetic re-
ceptors for individual enzymes; no need to
label substrates as in fluorogenic and radio-

assays; and no need to calibrate coupled mul-
tienzyme assays (13, 14). Whereas intrinsic
limitations concerning, e.g., hydrophobic or
lytic substrates, certain more complex ana-
lytes (18), continuous assay, or in vivo detec-
tion will be challenging to overcome, at least
in a general manner, there is much room to
implement various in vitro formats compati-
ble with high-throughput screening and min-
iaturization (1).
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High levels of arsenic in well water are causing widespread poisoning in Ban-
gladesh. In a typical aquifer in southern Bangladesh, chemical data imply that
arsenic mobilization is associated with recent inflow of carbon. High concen-
trations of radiocarbon-young methane indicate that young carbon has driven
recent biogeochemical processes, and irrigation pumping is sufficient to have
drawn water to the depth where dissolved arsenic is at a maximum. The results
of field injection of molasses, nitrate, and low-arsenic water show that organic
carbon or its degradation products may quickly mobilize arsenic, oxidants may
lower arsenic concentrations, and sorption of arsenic is limited by saturation
of aquifer materials.

In an effort to prevent waterborne disease,
Bangladesh shifted its drinking water supply
from surface to groundwater. Many of the

recently installed 6 to 10 million drinking-
water wells contain high concentrations of
arsenic (1), causing widespread arsenicosis

Fig. 3. Real-time enzyme screening with
(A) apyrase, (B) aldolase, (C) alkaline
phosphatase, and (D) galactosyltrans-
ferase without and (arrow) with CIAP,
using 2. Fractional pore activity Y (18)
after addition of 20 �l of reaction mix-
ture and 2 to LUVs � CF is shown as a
function of reaction time. Reaction mix-
tures: (A) 0 (�) and 4 (F) U/ml apyrase,
40 mM ATP; (B) 0 (�), 2 (F), and 16 (E)
U/ml RAMA, 750 U/ml triosephosphate
isomerase (TIM), 40 mM D-fructose 1,6-
diphosphate (FDP); (C) 0 (�), 66 (F), and
670 (E) U/ml CIAP, 800 mM UDP; (D) 0
(�), 8 (F, arrow: addition of 66 U/ml
CIAP), and 32 (E) U/ml galactosyltrans-
ferase, 250 mM N-acetylglucosamine (Gl-
cNAc), 375 mM UDPGal [or 375 mM NAcUDPGal (20)] (18).
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and threatening to increase cancer rates (2).
Sediments typically contain only modest lev-
els of arsenic (1), and the cause and timing of
arsenic mobilization from these sediments
remain unclear (3). Some have argued that
arsenic is mobilized by slow reduction of iron
oxyhydroxides or sorbed arsenate by detrital
organic carbon (1, 4, 5). Others have suggest-
ed that arsenic may have recently been re-
leased through sulfide oxidation reactions in-
duced by the massive increase in dry-season
irrigation pumping (6, 7). Here, we charac-
terize aqueous and solid phases at one site to
show that young carbon brought to depth by
recent irrigation pumping plays a role in
mobilization.

Our study site was located in the Munshi-
ganj district, 30 km south of Dhaka and 7 km
north of the Ganges River. We installed 17

sampling wells within 5 m of each other to
depths from 5 to 165 m, sampled 54 moni-
toring wells in a 16-km2 region, and collected
three sediment cores [e.g., (8)]. The site is
typical of southern Bangladesh (9) and in-
cludes 3 m of surficial clay, a 100-m aquifer
of gray sand (Holocene aquifer), a 40-m aqui-
tard of marine clay, and a deep burnt-orange
sandy aquifer (Pleistocene aquifer). The aqui-
fers are �85% quartz and feldspar by weight,
with the remainder composed of biotite,
hornblende, magnetite, and a variety of other
minerals. We found no peat, which has been
hypothesized to be associated with dissolved
As (10). The pH of the groundwater was 6.6
(4.6 m) to 7.1 (107 m) in the upper aquifer,
and 6.8 in the lower aquifer (165 m). In both
aquifers, redox measurements by platinum
electrode are between 20 and 90 mV (correct-
ed to the standard hydrogen electrode), and
only one depth (14 m) has a dissolved O2

concentration (0.33 mg/liter) greater than 0.2
mg/liter (our approximate limit of detection).

Dissolved As concentrations [�90%
As(III)] peaked at a depth of 30 to 40 m (Fig.
1A). Solid-phase As exceeded 27 nmol/g (2
ppm) in only one sample from the sandy
aquifers and nevr exceeded 100 nmol/g (8
ppm) in the clays. Solid-phase As (Fig. 1B) is
adsorbed, coprecipitated in solids leachable
by mild acids and reductants, incorporated in
silicates, and incorporated in solids that are

dissolved only by cold and hot nitric acid
(most likely crystalline sulfides) [e.g., (8,
11)]. The distribution of arsenic among these
pools is similar throughout the deep and shal-
low sediments, with no apparent correspon-
dence to the peak in dissolved As.

The inverse relation of dissolved sulfate
with arsenic (Fig. 1C) in the natural ground-
water, and the presence of acid volatile
sulfide (AVS) in the sediments near the dis-
solved As peak, suggest that oxidative disso-
lution of pyrite has not liberated arsenic. In-
stead, low dissolved sulfur levels appear to
limit the precipitation of arsenic sulfides near
the arsenic peak. To test whether oxidants
may mobilize arsenic, we injected nitrate into
the aquifer. Dissolved As levels declined
(Fig. 2A), probably as a result of adsorption
on iron oxyhydroxides precipitated by a mi-
crobial process such as described in (12).
Arsenic concentrations remained low even
after the volume extracted exceeded the vol-
ume injected, perhaps indicating arsenic re-
moval in a geochemically altered zone of
increased sorption capacity around the injec-
tion well.

Solid-phase As and Fe appear to be asso-
ciated. Arsenic (Fig. 1B) and iron released
from sediments in the first five extractants in
a sequential extraction procedure are corre-
lated (r2 � 0.64) among samples from differ-
ent depths, although dissolved Fe(II) (ranging

1Ralph M. Parsons Laboratory, Department of Civil &
Environmental Engineering, Massachusetts Institute
of Technology, Cambridge, MA 01239, USA. 2Ban-
gladesh University of Engineering and Technology,
Dhaka 1000, Bangladesh. 3Department of Earth and
Ocean Sciences, University of British Columbia, BC
V6T 1Z1, Canada. 4Department of Civil and Environ-
mental Engineering, University of Cincinnati, Cincin-
nati, OH 45221, USA.

*Present address: Silent Spring Institute, Newton, MA
02458, USA.
†Present address: Environmental, Coastal and Ocean
Sciences Department, University of Massachusetts,
Boston, MA 02125, USA.

Fig. 1. Vertical profiles of subsurface geochemical characteristics in Munshiganj. (A) Dissolved As levels peak at 8.5 �M or 640 ppb, well above the
Bangladeshi standard of 50 ppb. (B) Arsenic dissolved by the sequence of extractions that target different solid phases [e.g., (8, 11)]. (C) Dissolved As
and sulfate are inversely related. (D) Dissolved As, ammonium, and calcium are closely correlated. (E) DIC, DOC, and methane increase with depth to
31 m.
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from 27 to 180 �M) and solid-phase Fe (rang-
ing from 1 to 3 wt % in the upper aquifer and 1
wt % in the lower aquifer) have no apparent
systematic depth dependence. The sediment
contains little, if any, purely ferric [Fe(III)]
oxyhydroxides, which have been hypothesized
to sequester and release arsenic (1, 4). Extrac-
tion results show that 60% of total solid-phase
Fe was bound in silicates and pyritic phases,
relatively immobile pools in anoxic water. The
10% of total iron extractable by 1 M HCl,
which targets amorphous iron oxides, carbon-
ates, and phosphates, was ferrous [Fe(II)] iron,
as determined with ferrozine. Oxalic acid ex-
traction, which targets amorphous iron oxyhy-
droxides and magnetite, and Ti(III)-citrate-
EDTA extraction, which reductively dissolves
iron oxides (and perhaps forms complexes with
amorphous sulfides), each released 6% of total
iron. Most of the iron in these pools can be
explained as magnetite (a mixed-valence
phase), which was measured by magnetic sep-
aration. Thus, if ferric oxyhydroxides control
arsenic mobility, they do so in small quantities.

Surface sorption sites appeared to be sat-
urated with arsenic where dissolved concen-
trations were high. Measured dissolved As
concentrations from a field test, where water
was withdrawn after injecting low-As
groundwater into a high-As depth (Fig. 2B),
were closely fit by a model that incorporates
a Langmuir isotherm describing saturation of
surface sites, but not by a linear isotherm [e.g.
(8)]. The fitted Langmuir isotherm agrees
remarkably well with dissolved and sorbed
As concentrations measured at different
depths (Fig. 2C). These results suggest that
sorption sites saturate when dissolved As
concentrations exceed 100 ppb; the implica-
tion is that when aqueous concentrations are
high, little additional arsenic can be sorbed.
Further arsenic inputs would likely be mani-
fest as increased dissolved concentrations
that are readily transported by flowing
groundwater. High concentrations of phos-

phate and silicate (�50 �M and �700 �M,
respectively, and nearly uniform with depth)
as well as carbonate may contribute to the
limited capacity to sorb arsenic oxyanions
(13, 14). Iron phosphates and amorphous sil-
ica were both calculated to be supersaturated
from measured aqueous concentrations, and
we observed these phases by scanning elec-
tron microscopy as rims on host grains.

Ambient geochemical concentrations and
the results of a field redox manipulation
experiment both suggest that respiration of or-
ganic carbon plays a role in arsenic mobiliza-
tion. Mobilization may be driven by reduction
with organic carbon despite the paucity of ferric
oxyhydroxides: Equilibrium chemical model-
ing indicates the dissolved As could have been
sorbed by ferric oxyhydroxides in quantities of
less than 5% of the iron liberated by oxalic acid.

Mobilization may also occur by displacement
of arsenic by carbonate, a process recently pro-
posed for ferric oxyhydroxides (13). Either pro-
cess, or a combination, is consistent with the
observed geochemical profiles. Dissolved
NH4

� and Ca2� profiles follow the dissolved
As profile remarkably closely throughout the
shallow aquifer (Fig. 1D), and dissolved or-
ganic and inorganic carbon (DOC and DIC)
increase with increasing arsenic to the peak
depth (Fig. 1E). The correlation between
NH4

� and Ca2� may be explained by respi-
ration of DOC producing ammonia and CO2,
with the latter inducing calcite dissolution.
The molar ratio of carbonate to ammonium
was �70 (50 after subtracting carbonate lib-
erated from calcite, assuming a 1:1 molar
ratio of calcite carbonate to dissolved calcium),
within the range for terrestrial organic material.

 

  

 

Fig. 2. Arsenic levels
responded within hours
after chemical perturba-
tions in three injection-
withdrawal experiments:
(i) nitrate, 500 liters from
the 38-m well [7.2 �M
As, with nitrate (200 mg/
liter) added] into a 31-m
well (concentration at
the well before injection
C0 � 6.5 �M); (ii) molas-
ses, 8000 liters from the
160-m well [�0.01 �M
As, with molasses (300
mg/liter) added] into a 105-m well (C0 � 0.8 �M As) filling �40 m3 of
aquifer material; and (iii) low-As water, 6052 liters of clean water from the
160-mwell (�0.01 �MAs) into a 31-m well (C0 � 8.5 �MAs). All injections
included bromide (100 mg/liter) as tracer. (A) Arsenic concentrations (nor-
malized by C0) in withdrawn water after nitrate and molasses injections. (B)
The arsenic rebound after injection of low-As water is well fit by a Langmuir
isotherm, but not by a linear isotherm that does not represent limited

surface sites [e.g. (8)]. (C) The shape of the Langmuir isotherm is confirmed
by the load of sorbed arsenic from core samples (shown in Fig. 1B) normal-
ized by the easily extracted (HCl and oxalate) Fe and plotted against the
dissolved As (Fig. 1A) for each depth. Error bars represent standard devia-
tions of at least three samples from the 3-m well screen interval for each
depth. The sorbed As predicted by the Langmuir model is normalized by 0.6
wt % Fe, the approximate value from core samples.

-30 -25 -20 -15 -10 -5 0

Inorganic

Carbon

Organic

Carbon

30m

19m
3mMethanogenesis

CaCO3

(Atmospheric ∆14C values
over last 50 years)

60m

-1000

-500

0

500

1000

-70

Methane

Surface Water Carbon

0
700

4000

2000

 R
ad

io
carb

o
n

 A
g

e

13C (‰)

∆1
4 C

 (
‰

)

δ

Fig. 3. Carbon isotope values
from groundwater samples.
The �14C ratios have been
corrected for fractionation
with the 	13C ratios from the
same samples. The circle on
the orange line indicates the
weighted average of meth-
ane (38 m depth) and DIC (31
m) isotope values, represent-
ing the isotopic values that
DIC would have had before
fractionation during carbon-
ate reduction. The green line
represents mixing between
young terrestrial organic car-
bon (changing values due to
bomb testing are shown by
the rising and falling arrow)
and geologic carbonate,
which is found in the sedi-
ments. Because the inflowing
DIC likely mixes with some
old DIC, the radiocarbon date
shown on the right axis may
overestimate the age of the
inflowing carbon. Symbols
correspond to aquifer depth, as shown.
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Field injection of molasses-amended
groundwater produced an initial rise in ar-
senic concentration (Fig. 2A) concurrent with
drops in platinum electrode readings (100 to
–230 mV ) and pH (6.7 to 5.6), followed by a
drop in arsenic concentrations. Dissolved sul-
fate, which was introduced from the molas-
ses, also fell (from �300 �M to �5 �M).
These chemical changes are consistent with a
scenario where the introduction of labile or-
ganic carbon caused microbially mediated
dissolution of iron solids and liberation of
arsenic, followed by precipitation of sulfides
that sequestered arsenic.

As a further test, we analyzed carbon iso-
topes of groundwater. The radiocarbon ages
for DOC are 3000 to 5000 years, consistent
with wood fragments found at similar depths
in nearby sediment (15). However, the radio-
carbon ages for DIC in the same water sam-
ples are much younger, about 700 years at
31 m depth (Fig. 3), and 14C is at bomb levels
at 19 m, indicating carbon younger than 50
years. Because the young DIC cannot be the
oxidative product of the older DOC, the pres-
ence of young DIC and old DOC in the same
water samples must be explained either by
mixing of invading younger water with older
resident water, or by mobilization of older
organic carbon from aquifer sediment into
invading younger water. The similar profiles
of DIC and DOC (Fig. 1E) are inconsistent
with pore water mixing, which would create a
negative correlation—recently recharged
water would contain predominantly young
carbon, whereas old resident water would

contain predominantly old carbon. The cor-
relation instead is consistent with mobiliza-
tion of old carbon through geochemical per-
turbations caused by the invasion of young
water transporting young carbon, perhaps by
release from iron oxyhydroxides, which are
known to sequester organic carbon (16).

Methane concentrations reached 1.3 mM at
38 m (sufficient to effervesce flammable gas)
and have approximately the same radiocarbon
age as the DIC (Fig. 3). Because methane is an
end product of carbon metabolism under anoxic
conditions, recent biogeochemical reactions ap-
pear to have been driven by relatively young
carbon carried by recent inflow of groundwater.
The deuterium ratio of the methane (	D �
197‰) is consistent with fractionation during
methanogenesis by carbonate reduction (17).
The similar radiocarbon ages of methane and
DIC also suggest that the methane was derived
from the DIC pool. Ongoing carbonate reduc-
tion is consistent with high levels of dissolved
hydrogen (10 nM at 38 m). Finally, the 	13C
values of both methane and DIC can be ex-
plained by fractionation during carbonate re-
duction. The weighted mean 	13C value from
methane at 38 m and carbonate at 31 m is
–25‰, a reasonable value for terrestrial carbon.
Dissolution of radiocarbon-dead solid carbon-
ate, as we hypothesize, may have also moved
the isotopic ratios along the mixing line in
Fig. 3.

Groundwater pumping may have recently
drawn young water into the upper aquifer at
the Munshiganj site, where irrigation pump-
ing largely controls groundwater flow during

the dry season. Bangladesh is self-sufficient
in food supply largely because irrigated dry-
season crops are grown in addition to the
traditional crops after the monsoon. During
the irrigation season, January through March
2002, the average water table elevation
dropped 2.3 cm/day (interpolated from the 45
monitoring wells in the 16-km2 area around
the sampling-well cluster; Fig. 4A). The
drawdown calculated from the pumping rates
of the 38 irrigation wells was similar: 4.9
cm/day if applied over only the 20% of land
irrigated, and 1.2 cm/day when distributed
over the entire area (18). These pumping-
driven downward velocities imply plug-flow
travel times to 30 m of 6.8 and 28 years,
respectively. Thus, young carbon could be
quickly transported to depth. Before the ad-
vent of irrigation pumping (�25 years ago),
flow to depths of 30 m was extremely slow,
limited by the negligible natural (i.e., without
pumping) hydraulic gradients in the flat to-
pography. Very little groundwater flow oc-
curs during flooding ( June to November)
because inundation erases hydraulic gradients
and downward flow by compression of water
is negligible.

Recharging water is composed of a mix-
ture of carbon-rich surface water (which en-
ters the aquifer during the dry season) and
rainwater (which enters the aquifer from
March until flooding begins in June). Com-
parison of rainfall, evaporation, and changes
in groundwater storage at a nearby long-term
monitoring site (Fig. 4B) indicate that surface
water contributes �0.3 m (�40% of re-
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charge) yearly, whereas precipitation (less
evaporation) contributes �0.5 m (�60%).
The recent observation that water levels rose
in May 2002 from the levels in April by
�1.25 m before the monsoon confirms that
surface water bodies recharge the aquifer.
Infiltrating surface water receives heavy
loadings from the untreated waste of the
�17,600 inhabitants of the 16-km2 area.
Hence this water contains high concentra-
tions of dissolved carbon, as would water that
infiltrates from rice paddies and through or-
ganic-rich pond and river sediments.

The observed arsenic mobility appears re-
lated to recent inflow of carbon through ei-
ther organic carbon–driven reduction or dis-
placement by carbonate. The distinctly older
radiocarbon ages of DOC relative to DIC and
methane imply that mobilization is not driven
by detrital organic carbon. Water budgets
indicate that the advent of massive irrigation
pumping has drawn relatively young water
into the aquifer over the last several decades,
as may be typical of Bangladesh (19). Thus,
irrigation pumping may affect arsenic con-
centrations, but not by the oxidation of sul-
fides as has been proposed. The low arsenic
concentrations from the deeper aquifer indi-
cate that deep wells may provide a source of
clean water, an option that is already being
implemented on an ad hoc basis (20). How-
ever, the apparent relation of arsenic mobility
to inflow of organic carbon raises concerns
about the appropriate depth of new drinking-
water wells and their position relative to irri-
gation wells.
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Grasping Primate Origins
Jonathan I. Bloch* and Doug M. Boyer

The evolutionary history that led to Eocene-and-later primates of modern aspect
(Euprimates) has been uncertain. We describe a skeleton of Paleocene plesiadapi-
form Carpolestes simpsoni that includes most of the skull and many postcranial
bones. Phylogenetic analyses indicate that Carpolestidae are closely related to
Euprimates. C. simpsoni had long fingers and an opposable hallux with a nail. It
lacked orbital convergence and an ankle specialized for leaping. We infer that the
ancestor of Euprimates was primitively an arboreal grasper adapted for terminal
branch feeding rather than a specialized leaper or visually directed predator.

Extant primates are distinct from other euther-
ian mammals in having large brains, enhanced
vision brought about in part by optical conver-

gence, the ability to leap, nails on at least the
first toes, and grasping hands and feet (1, 2).
Several adaptive scenarios have been proposed
to explain these specializations: (i) “grasp-leap-
ing” locomotion (3), which predicts simulta-
neous evolution of grasping and leaping; (ii)
visually directed predation (4), which predicts
simultaneous evolution of forward-facing orbits
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Fig. 1. Hypothesis of phy-
logenetic relationships
among select archontans,
illustrating phylogenetic
position of Carpolestidae
based on cladistic analysis
of 65 postcranial charac-
ters (25). Many fossil ar-
chontans were excluded
from the analysis because
postcranial skeletons for
these groups have not yet
been described. Cladistic
analysis yielded a single
most-parsimonious cla-
dogram generated by an
exhaustive search algo-
rithm and rooted with
Asioryctes: tree length �
117, consistency index �
0.75, retention index �
0.67. All characters were
unordered. As for previ-
ous cladistic analyses
(10), the topology supports a plesiadapiform-euprimate link, whereas the cladogram based on
postcranial data presented here specifically allies Carpolestidae with Euprimates (Omomyidae plus
Adapidae). Unambiguous synapomorphies supporting a carpolestid-euprimate link include mor-
phology of distal humerus (character 10), a nail on the hallux (character 21), a sellar joint between
metatarsal I and the entocuneiform (character 50), and lateral torsion of the distal metatarsal I
(character 65).
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