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2025). These findings underscore Thuong
Thien’s importance among Son La caves and
support its potential as a paleomonsoon
archive, in line with this study’s broader

survey results. However, HS7’s non-
equilibrium deposition (R* = 0.74, Fig. 7),
despite  identical = humidity,  suggests
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environmental complexity, potentially driven
by drip-rate variability or cave ventilation
factors untested here but noted in karst studies
(Fairchild et al., 2006). This contrast
underscores the necessity of rigorous site
selection and Hendy test validation to ensure
proxy reliability.

Age (kan BP)|

Figure 8. U/Th dating results with 2o errors of Northern Vietnam stalagmites reported in this study

The scope of this study surveying 51 caves
across seven provinces (Table 1) provides a
more systematic foundation than previous
efforts in Northern Vietnam, such as Nguyen
et al. (2020), which focus on a single cave
with decadal-resolution records linked to
Dansgaard-Oeschger events 2-4. Our
collection of 127 stalagmites, with detailed
environmental data (e.g., humidity, cave
type), extends the spatial coverage beyond
that of earlier work. Hendy testing of 56
subsamples from four stalagmites, combined
with U/Th dating of eight subsamples,
establishes a  robust  methodological
framework. For instance, the isotopic stability
and precise age of stalagmite NS3 (35,949 +
172 yr BP, Table 6) contrast with Nguyen et
al. (2022), who focused on Heinrich Event 3
from Thuong Thien cave, thereby providing a
broader regional baseline. Compared with the
extensive speleothem records from Southwest
China (Dongge, Sanbao; Cheng et al., 2016),
the stalagmites from Northern Vietnam form
under comparable environmental conditions
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near-saturated humidity and growth rates
conducive to high-resolution paleoclimate
reconstructions. Nevertheless, challenges such
as the aragonite-to-calcite transformation in
Khong cave (with 85% humidity) and the
porosity of stalagmites collected in Hua Ma
cave indicate greater depositional variability
than observed in China’s more homogeneous
datasets. These observations underscore the
necessity of site-specific assessment: low
humidity (85% in Khong Cave) correlates

with mineral instability, whereas high
moisture  (99.9% in Hoa Son) favors
equilibrium deposition.

Preliminary isotopic data from NS3

suggest that 5'°0 reflects monsoon rainfall
and moisture source variability, consistent
with regional monsoon signals (-6 to -8%o;
Yang et al., 2016). In contrast, 8"°C may track
vegetation shifts, aligning with karst studies
that link carbon isotopes to surface conditions
(Genty et al., 2003). The 1-sigma variations of
coeval 80 data ranged in NS3 (£0.14%o to
+0.16%0), indicating stable deposition,
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validated by Hendy test criteria (R* < 0.24).
However, isotopic data are currently limited
to NS3, with HS3 and HS16 awaiting analysis
a constraint noted in our ongoing work. This
dual-proxy potential remains provisional until
broader sampling confirms consistency across
the Hoa Binh site. The current framework,
integrating a Sl-cave survey with precise
U/Th dating (HS16-Top: 42,751 + 180 yr. BP,
Table 6) and Hendy testing, establishes a
methodological standard for speleothem
research in Northern Vietnam. Our detailed
analyses of four of the 127 stalagmites
collected establish a proof-of-concept,
surpassing the scale and rigor of prior studies
(Nguyen et al., 2020, 2022) and identifying
Hoa Binh and Lai Chau as prime locations for
future isotopic campaigns.

Northern Vietnam’s stalagmites, with
growth rates and U/Th spans comparable to
those in China (Table 6), offer a southern
perspective to complement the northern
records of the Asian monsoon. Positioned
near the East Sea and influenced by ITCZ
dynamics, this region enhances the spatial
context of monsoon variability. The 35-59 ka
range (HS7-Bottom: 52,639 + 231 yr. BP,
Table 6) falls within Marine Isotope Stage 3, a
period of the Last Glacial Period, suggesting a
potential to explore forcing mechanisms such
as Heinrich Event 3 (Nguyen et al., 2022) or
solar modulation (Chiang et al., 2025). For
example, NS3’s &'"0 variability hints at
monsoon fluctuations, though the absence of a
time series, due to limited subsampling,
precludes event-specific correlations. This
limitation, tied to the study’s preliminary
scope, underscores the need for ongoing
isotopic analyses to build temporal resolution.
By establishing a foundation rooted in
extensive surveying (Table 1) and validated
methods, this work positions Northern
Vietnam as a key region for advancing
Southeast Asian paleomonsoon research, with
Hoa Binh stalagmites poised to unlock further
climate insights.

5. Conclusions

The 51-cave survey and promising results
from Hoa Binh position this region as a key
frontier, complementing China’s records with a
southern perspective. Equilibrium deposition in
NS3, HS3, and HS16, validated by Hendy tests
on 56 subsamples and U/Th ages spanning
3660 ka, confirms their potential for stable-
isotopic analysis. The 8O 1-sigma variations
(#0.04-0.20%0) confirm equilibrium deposition
for NS3, HS3, and HS16, making them reliable
precipitation  proxies, though  broader
applicability awaits further sampling. In
contrast, HS7’s non-equilibrium despite 99.9%
humidity highlights depositional variability,
reinforcing the Hendy test’s role in site vetting.
Furthermore, 6"C wvariations (0.04—0.71%o)
reveal substantial fractionation, likely due to
degassing, necessitating careful analysis of
8C data for paleoclimate purposes. This
framework, which integrates extensive
surveying, precise U/Th dating (relative errors
< 0.5%), and Hendy testing, establishes a
rigorous standard for Northern Vietnam and
surpasses prior single-site studies. Positioned
south of China’s records, these stalagmites
offer a complementary perspective on Asian
Monsoon dynamics, with growth rates
(> 0.09 mm/year) suggesting high-resolution
potential for the future. Ongoing isotopic
analyses will build on this foundation to
explore glacial and deglacial forcing, thereby
enhancing our understanding of Southeast
Asia's paleoclimate.

Ideal stalagmites for future analyses should
be clean, non-porous, exhibit clear growth
rings, and demonstrate stable growth. While it
is possible to collect non-porous stalagmites
with clear growth rings, which may not be
very clean and may exhibit unstable growth,
we must evaluate these specimens with great
care. Ultimately, our focus should be on
identifying and collecting stalagmites that
meet the criteria of cleanliness, non-porosity,
and stable development to ensure the accuracy
of our analysis.
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